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Adenovirus Structure 


Phoebe L. Stewart 
Department of Pharmacology and Cleveland Center for Membrane and 
Structural Biology, Case Western Reserve University, Cleveland, OH, USA 


1. Historical Perspective on Adenovirus Structure 


The structure of the adenovirus virion is quite complex and our understanding of it 
has been evolving from before 1965. Early negative stain electron micrographs of 
adenovirus revealed an icosahedral capsid with 252 capsomers and long fibers 
protruding from the vertices.! Later these capsomers were identified as 240 hexons 
and 12 pentons, with the pentons at the fivefold vertices of the capsid. The pentons 
each have five neighboring capsomers and the hexons each have six neighboring 
capsomers. As the adenoviral molecular components were identified and their 
stoichoimetries characterized, it became apparent that the hexons and pentons were 
different proteins. The hexons are trimeric proteins and the pentons are formed by 
two proteins, a pentameric penton base and a trimeric fiber.* Subsequently, X-ray 
crystallography provided atomic resolution structures of hexon,* penton base,* fiber,>-° 
and adenovirus protease,’ which is involved in virion maturation. In addition to the 
three major protein components of the capsid (hexon, penton base, and fiber), there 
are four minor capsid proteins (proteins IIa, VI, VIII, [X).*-° The minor proteins are 
also referred to as cement proteins as they serve to stabilize the capsid. They also play 
important roles in the assembly, disassembly, and cell entry of the virus. Atomic res- 
olution structures have not yet been determined for the minor proteins isolated from 
the adenovirus capsid. However, cryo-electron microscopy (cryoEM) has provided 
moderate structural information on the density of the minor proteins in the context of 
the virion.!°-!3 In 2010, atomic resolution structures of adenovirus were determined 
by cryoEM and X-ray crystallography.'*:!> Despite these two atomic, or near atomic, 
resolution (3.5-3.6 A) structures, controversies remained regarding the structure and 
assignment of the minor capsid proteins. In 2014, a refined crystal structure of adenovirus 
at 3.8 A resolution revised the minor capsid protein structures and locations. !6 

The adenoviral genome is relatively large, with ~30—40kb.° It is notable in that 
large deletions and insertions can be tolerated, a feature that contributes to the endur- 
ing popularity of adenovirus as a gene delivery vector.'’ Within the core of the virion 
there are five proteins associated with the double-stranded DNA genome (proteins V, 
VII, mu, [Va2, and terminal binding protein).? The structure of the genome and how it 
is packaged with its associated proteins in the core of the virion is not well understood. 
Early negative stain EM and ion etching studies suggested that the core is organized 
as 12 large spherical nucleoprotein assemblies, termed adenosomes.'*!? However, 
cryoEM and crystallographic structures of adenovirus show that the core does not 
follow the strict icosahedral symmetry of the capsid. !+!6 
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Adenovirus was one of the first samples imaged during the development of the 
cryoEM technique”? and was among the first set of viruses to have its structure deter- 
mined by the cryoEM single particle reconstruction method.”! Since then cryoEM 
structures have been determined for multiple types of adenovirus and adenovirus in 
complex with various host factors.!-!2:!4+2?-29 Docking of crystal structures of capsid 
proteins into the cryoEM density and difference imaging have been useful approaches 
for dissecting the complex nature of the capsid. An early example of difference imag- 
ing was applied in two dimensions to scanning transmission electron microscopy 
(STEM) images of the group-of-nine hexons and this work helped to elucidate the 
position of protein IX within the icosahedral facet.59 Difference imaging in three 
dimensions led to an early tentative assignment for the positions of the minor capsid 
proteins within the capsid based on copy number and approximate mass.!? As higher 
resolution cryoEM structures were determined, some of these initial assignments were 
revised.!0-!2 Visualization of a-helices was achieved with a 6A resolution cryoEM 
structure.!* This structure facilitated more accurate docking of hexon and penton base 
crystal structures and produced a clearer difference map and more detailed density for the 
minor capsid proteins. Secondary structure prediction for the minor capsid proteins 
was used to tentatively assign density regions to minor capsid proteins. Determination 
of an atomic resolution (3.6 A) structure by cryoEM was facilitated by the use of a 
high-end FEI Titan Krios electron microscope.'* Micrographs for this dataset were 
collected on film and scanned for digital image processing. The final dataset included 
31,815 individual particle images. The resolution was estimated by reference-based 
Fourier shell correlation coefficient and supported by observation of both a-helical 
and B-strand density. Density was also observed for some of the side chains, particu- 
larly bulky amino acids. The assignments for the minor capsid protein locations were 
assumed to be the same as interpreted from the 6A resolution cryoEM structure.!? 
Atomic models were produced for minor capsid proteins Hla, VII, and IX from the 
atomic resolution cryoEM density map using bulky amino acids as landmarks. !* 

Attempts to crystallize intact adenovirus began in 1999 and proceeded for more 
than 10 years before the first atomic resolution crystal structure was published.!>:+! 
Several factors hampered early crystallization efforts, including the long protruding 
fiber, the instability of virions at certain pH values, the tendency of adenovirus parti- 
cles to aggregate, and relatively low yields from standard virus preparations. Use of a 
vector based on human adenovirus type 5 (HAdV5), but with the short fiber from type 
35 (Ad5.F35, also called Ad35F), helped to solve some of the production and crystal- 
lization difficulties. This vector was also used for several moderate resolution cryoEM 
structural studies.!!!? Collection of diffraction data for atomic resolution structure 
determination spanned several years. Even though crystals were flash-cooled in liquid 
nitrogen, they were still highly radiation sensitive and only 2-5% of the crystals dif- 
fracted to high resolution. Diffraction data from nearly 900 crystals were collected but 
only a small subset of these data was used to generate the dataset. The best crystals dif- 
fracted well to 4.5 A resolution and weakly to 3.5 A at synchrotron sources. The initial 
phase information was derived from a pseudo-atomic capsid of adenovirus generated 
from fitting the crystallographic structures of hexon and penton base into a cryoEM 
structure of Ad5.F35 at 9A resolution.!! In 2010, partial atomic models were built for 
some of the minor capsid proteins.!> 
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After collection of more diffraction data and additional refinement a refined crystal 
structure was published with more complete models for minor capsid proteins Ia, 
VI, VIII, and IX and surprisingly for a portion of the core protein V.'° To compensate 
for the relatively modest resolution (3.8 A) of the structure, a method was devised to 
evaluate the reliability of assigned amino acid sequences to the experimental electron 
density. This gives credence to the latest assignments for the locations of the minor 
capsid proteins within the capsid. It is important to recognize that adenovirus is one of 
the largest biomolecular assemblies with an atomic resolution structure determined by 
X-ray crystallography (>98,000 nonhydrogen atoms used in refinement of the asym- 
metric unit). With an assembly of this size and complexity and with less than ideal 
resolution data, assigning the locations of the minor capsid proteins is quite a chal- 
lenging task. 

There are over 60 HAdV types categorized in seven species (human adenovirus 
A-G). Species D adenoviruses are the most numerous, many of which were identified 
during the AIDS epidemic.*” AIDS patients and other immunocompromised patients 
are particularly susceptible to adenovirus. Adenovirus causes acute respiratory illness, 
epidemic keratoconjunctivitis, acute hemorrhagic cystitis, hepatitis, myocarditis, and 
gastroenteritis in humans. Adenoviruses have also been characterized from the five 
major classes of vertebrate species, mammals, birds, reptiles, amphibians, and fish.*4 
Structural studies of human and animal adenoviruses have contributed to our 
understanding of the molecular complexity within the Adenoviridae family. 


2. Hexon Structure and Capsid Packing 


The icosahedral capsid of adenovirus is composed of 240 trimeric hexons and 12 
pentameric penton bases at the vertices with associated fibers. For HAdV2, hexons 
account for the majority (>83%) of the protein mass in the capsid.** The first hexon 
crystal structure was that of HAdV2.? At that time in 1986, the hexon subunit was the 
longest polypeptide whose structure was determined by X-ray crystallography with 
967 residues per hexon monomer. Higher resolution (2.2 and 2.5 A) crystal structures 
of HAdV2 and HAdV5 hexons are now available (PDB-ID: 1P2Z; PDB-ID: 1P30).** 
The hexon crystal structure revealed that although it is a trimeric protein, the base 
of the molecule is shaped as a hexagon, which is optimal for close packing within 
the capsid. The hexagonal base of the hexon trimer is formed by two viral jellyroll 
domains in each hexon monomer, with each jellyroll situated at a point of the hexagon. 
The topology of the jellyrolls is similar to that of icosahedral RNA viruses, although 
the architectural roles of the jellyrolls in forming the icosahedral capsids of these 
viruses are different.’ Intriguingly, the hexon fold is the same as that of the major 
capsid protein P3 of the bacteriophage PRD1.*° 

The top of the hexon trimer is trimeric in shape with three protruding towers. Each 
tower is formed by intertwined loops from all three hexon monomers. The intertwining 
within the hexon trimer is so extensive that an accessory protein, called the 100k 
protein, is required to help fold the hexon trimer.*®°” Hexon has a large subunit interface 
and each subunit of hexon clasps its neighboring subunit, resulting in a highly stable 
trimeric structure.** 
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Comparison of hexon sequences from multiple adenovirus types led to the finding of 
multiple hypervariable regions within the hexon.*° Originally it was thought that only 
some of these regions were mapped to the top of the hexon. However, determination 
of the HAdV2 crystal structure at 2.5A resolution led to an atomic model with 25% of 
the sequence reassigned compared to the earlier HAdV5 crystal structure.** Later both 
the HAdV2 and the HAdV5S crystal structures were refined with newer protocols.*+ The 
hexons from these two adenovirus types are highly homologous (86% identity) and their 
refined structures are very similar. The revised HAdV2 and HAdV5 hexon crystal struc- 
tures place all of the hypervariable loops near the exposed top of the hexon trimer. 

Hexon sequences from different viral types also revealed a high level of sequence 
conservation within a particular human species (~88%), reduced conservation 
between types of different human species (79-81%), and less conservation between 
types of different animal species (66-68%).*° The majority of the differences found 
in hexon sequences are within the hypervariable loops and these loops are often the 
targets of neutralizing antibodies.*? Following vaccination and natural infection, 
neutralizing antibodies are produced to both hexon and fiber, although the response to 
hexon appears to be dominant.*! The flexibility and sequence tolerance of the hexon 
hypervariable loops have made them useful as insertion sites for modification of the 
adenovirus capsid.*? 

On each hexon trimer between the three protruding towers that project from the 
outer viral surface is a central depression. CryoEM structures of adenovirus in 
complex with vitamin K-dependent blood coagulation factor X indicate that the hexon 
depression is the binding site for the GLA (y-carboxyglutamic acid rich) domain of 
the factor.?3.2°9 Specifically, a single threonine residue (T425) of HAdVS is critical 
for the interaction with factor X, as mutation of this residue in the context of the virion 
abrogates binding to factor X.” Injection of mice intravenously with this virus mutant 
indicated that it does not infect hepatocytes efficiently, whereas wild-type and other 
virus mutants with single or double hexon mutations are efficient in this regard. Factor 
X plays a role in mediating Ad-hepatocyte transduction in vivo after intravenous 
administration. The adenovirus/factor X complex utilizes an alternative cellular 
uptake pathway and the adenovirus-bound factor X interacts with heparan sulfate 
proteoglycan on macrophages.?>+3 

The hexons are arranged with 12 trimers in each of the 20 facets of the icosahedron. 
There are four unique positions for the hexon trimer within the asymmetric unit of the 
capsid (Figure |). The asymmetric unit is the smallest repeating unit of the capsid and 
corresponds to one-third of an icosahedral facet. Although different conventions have 
been used for numbering the hexons, the most common convention labels the hexons 
next to the penton base as position 1, the hexons next to the icosahedral twofold axes 
as position 2, the hexons next to the icosahedral threefold axes as position 3, and the 
fourth remaining site as position 4 (Figure 1(A)). The hexons next to the penton base, 
which are also referred to as the peripentonal hexons, have been observed to dissociate 
separately from the other hexons.** The remaining hexons dissociate in groups-of-nine 
hexons. These nine hexons (three each in positions 2, 3, and 4) form the central part 
of each icosahedral facet. The group-of-nine hexons are held together by the minor 
capsid protein, protein IX.°° 
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(A) Protein Illa 





Figure 1 Structure and location of the outer capsid proteins as assigned in the refined 
adenovirus crystal structure.!° (A) The enlarged asymmetric unit, with four independent 
hexon trimers (1—4) and a complete penton base (PB), is shown as a 5 A surface representation 
(light gray) together with the ordered portion of protein IIa (black). Protein Ia is chain O 

in PDB-ID: 4CWU. (B) The enlarged asymmetric unit together with the ordered portions of 
four copies of protein IX (black). Only the N-terminal portions of protein IX are ordered. The 
four copies of protein IX in the asymmetric unit are chains P, Q, R, and S in PDB-ID: 4CWU. 
Top and side views are shown in both panels. Dashed lines represent disordered regions. This 
figure was made with UCSF Chimera. !*° 


3. Penton Base Structure and Integrin-Binding RGD Loop 


The penton base is a pentameric protein that is shaped as a pentagon and packs nicely 
at each vertex of the capsid within a ring of five peripentonal hexons. The penton 
base of human and animal adenovirus types is typically highly conserved with ~70% 
homology between the sequences of any two types.* Negative stain electron micrographs 
of the adenovirus penton, composed of penton base and fiber, showed a pentameric 
structure with the fiber shaft protruding from the center.“ CryoEM structures of 
dodecahedra composed of 12 HAdV3 penton bases or complete pentons showed subtle 
changes in the penton base structure with fiber binding.*° 

The crystal structure of the penton base was first determined for an N-terminally 
truncated form of the HAdV2 protein that formed regular dodecahedral particles 
with 12 complete pentamers.* Two structures were determined at the same time, 
one of penton base alone and one with an N-terminal fragment of the fiber protein 
revealing how the fiber interacts with the penton base (PDB-ID: 1X9P; PDB-ID: 
1X9T).* The crystal structure of the HAdV2 penton revealed that the top of the 


6 Adenoviral Vectors for Gene Therapy 





penton base has grooves between the subunits that serve as binding sites for a 
conserved motif near the N-terminal end of fiber.* There is a symmetry mismatch 
between the trimeric fiber and the pentameric penton base, meaning that only three 
of the five grooves are occupied in each penton base of the assembled virion.” The 
pentameric form of the penton base buries a significant portion of the total surface 
area of each monomer. Mainly hydrophobic surfaces are buried in formation of the 
pentamer. The oligomeric penton base is composed of tilted monomers that form 
an assembly with an overall right-handed twist. 

The pentagonal shape at the basal end of the molecule is formed by one jellyroll in 
each monomer. Intriguingly, the jellyroll within penton base is topologically related 
to the jellyroll in hexon. In addition to the jellyroll motif each monomer has an upper 
insertion domain, which protrudes from the outer capsid surface. The upper insertion 
domain is formed by two long insertion loops between strands of the jellyroll. One 
insertion loop contains the hypervariable Arg—Gly—Asp (RGD) region. This region is 
the most variable in sequence and length among adenovirus types. The RGD loop for 
HAdV2 is ~80 aa and is glycine- and alanine-rich. Most of the loop is flexible as no 
density is observed for residues 298-375 in the X-ray structure.* The second insertion, 
called the variable loop, forms a flexible B ribbon projecting from the top of penton 
base. In HAdV2 this loop is formed by residues 142-169, but in other adenovirus 
types it can be up to 10 residues longer. 

The sequences of a penton base region including the RGD loop, variable loop, and 
surrounding residues from 51 human adenovirus types were used for phylogenetic 
analysis and structural prediction.“ As expected, the phylogenetic analysis demonstrated 
clustering of the adenovirus types according to their species. In addition, clustering of 
the species B types supported the concept of dividing species B types into subspecies 
B1 and B2. Structural models for the various penton base proteins were built based 
on the crystallographic structure of the HAdV2 penton base. The divergence of the 
jellyroll motif compared to the HAdV2 penton base structure was predicted to be only 
9.8—-15.5%, whereas the divergence of the upper insertion domain was in the range of 
37.3-38.8%. 

Most, but not all, types of adenovirus have an RGD motif in one of the two surface 
loops of the penton base.*® This motif is required for interactions with cellular 
integrins. Clustering of integrins on the host cell surface is promoted by interaction 
with penton base RGD loops and this leads to activation of signaling pathways that 
result in rapid internalization of the virus into clathrin-coated pits and endosomes.*? 
The enteric adenovirus types HAdV40 and HAdV41 of species F lack the RGD motif 
on their penton base and do not utilize integrins for cell entry.°°>! 

Moderate resolution cryoEM structures have been determined for HAdV2 and 
HAdV12 in complex with soluble forms of av§5 integrin.??” Modeling with integrin 
crystal structures indicates that only a maximum of four integrins can bind per penton 
base. This is consistent with the surface plasmon resonance measurement of 4.2 
integrin molecules per HAdV?2 penton base at close to saturation.” The spacing of 
the RGD protrusions on the penton base (~60 A) appears to be too close to allow five 
integrin heterodimers to bind to one penton base. Modeling shows that there is room 
to bind four integrin heterodimers to one penton base, but significant flexibility within 
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the penton base RGD loops is required to accommodate this binding configuration. It 
was hypothesized that the strain arising from this symmetry-mismatched interaction 
might lead to a conformational change in the penton base and promote partial release 
of penton base pentamers from the capsid.2’ 

The flexibility of the penton base RGD loops was first demonstrated by a cryoEM 
structure of HAdV2 in complex with a Fab fragment from a monoclonal antibody that 
binds a peptide region of penton base including RGD.>? The HAdV2 penton base crystal 
structure is missing quite a large peptide region of 78 residues in the RGD loop due to 
disorder.* Alignment of penton base sequences from human adenovirus types indicates 
that HAdV 12 has one of the shorter RGD loops, with just 15 residues corresponding to the 
missing 78 residues in HAdV2.°? However, even the shorter HAdV12 RGD loop is flexi- 
ble as indicated by the cryoEM structures of HAdV12 in complex with avf5 integrin.” 

Submission of two penton base sequences, those of HAdV5 and HAdV19c, to the 
ProteinDisOrder System (PrDOS) prediction webserver indicated that these RGD 
loops are predicted to be intrinsically disordered.** The significance of having an intrin- 
sically disordered RGD loop might be related to increasing the binding rate constant 
of penton base to integrins on the cell surface. It has been demonstrated that the bind- 
ing of intrinsically disordered proteins to structured targets with strong electrostatic 
interactions enhances the binding rate constants by several orders of magnitude.>? 

The penton base RGD loops have been implicated in binding human alpha 
defensins, which are peptides of the innate immune system.?* Human alpha defensin 
5 (HD5) can inhibit cell entry of adenoviral types from species A, B1, B2, C, and 
E, whereas species D and F types are resistant.’ CryoEM structures of adenovirus/ 
defensin complexes led to a model in which the RGD loops of sensitive adenoviral 
types wrap around HD5 monomers or dimers at the interface between penton base 
and fiber and stabilize the penton base/fiber complex.”+7° This stabilization effect is 
thought to prevent release of the adenoviral membrane lytic factor, protein VI, and 
therefore adenovirus cannot escape from the endosome and is degraded by the host 
cell in the lysosomal pathway. 


4. Fiber Structure and Receptor Interactions 


The fiber is composed of three distinct regions: a short penton base interaction region 
near the N terminus, a shaft domain with a variable number of repeats, and a distal 
knob domain, which interacts with various receptors. The first atomic resolution 
structural information for the fiber was for the knob domain of HAdV5 (PDB-ID: 
1KNB).° The crystal structure revealed an eight-stranded antiparallel B-sandwich 
structure in each monomer. The trimeric knob has a large buried surface area, indicating 
that the trimer is probably the most prevalent form of the fiber in solution. Crystal 
structures have now been determined for fiber knobs of numerous human adenovirus 
types, including HAdV3, HAdV7, HAdV11, HAdV12, HAdV 14, HAdV16, HAdV21, 
HAdV35, and HAdV37.°*-°! In addition, crystal structures have been determined for 
canine and porcine fiber knobs.6%>6 These structures all reveal the same overall fold 
for the knob domain. 
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Sequence alignment of the shaft domain of multiple adenovirus types showed a 
common 15-residue repeat pattern. The fold of this repeat pattern was revealed in 
a crystal structure of the knob domain plus four repeat units of the shaft from the 
HAdV?2 protein (PDB-ID: 1QIU).° The fiber shaft fold represents a new structural 
motif for fibrous proteins, named the triple B-spiral. This fold is characterized by an 
extended B-strand running parallel to the fiber axis, a turn with a conserved glycine or 
proline, a second B-strand, and a following solvent-exposed loop of variable length. This 
structural motif is also found in the shaft domain of the reovirus sigma-1 protein.© 

The structure of a short peptide region near the N terminus of fiber, termed as the 
universal fiber motif, was revealed in the crystal structure of the HAdV2 penton base 
with a 21-residue fiber peptide (PDB-ID: 1X9T).* The universal fiber motif is a mostly 
hydrophobic peptide region (FNPVYPY) that binds at the top of penton base at the 
subunit interface. All of the interactions observed between the fiber peptide and the 
penton base involve the conserved motif of the fiber and highly conserved residues of 
the penton base with the exception of one residue (Lys-387 of HAdV2 penton base). 
This indicates that it is likely that there is a universal mode of association between the 
N-terminal fiber motifs and the penton bases of various adenovirus types. The interactions 
between the fiber N-terminal region and the penton base were confirmed in a model 
of the HAGVS fiber built by homology modeling and fitting of models within a 3.6A 
resolution cryoEM structure of the intact HAdVS virion.°° 

The fiber knob is responsible for interaction with a variety of host cell attachment 
receptors, including coxsackie-adenovirus receptor (CAR), CD46 (membrane 
cofactor protein), sialic acid-containing oligosaccharides, GDla glycan, and 
desmoglein-2 (DSG-2).°7-©? Numerous crystal structures have been determined with 
fiber knobs of various adenoviral types in complex with CAR,5470 CD46,>°7!:”? and 
sialic acid-containing molecules.’ Whereas CAR and CD46 bind on the side 
of the trimeric fiber knob, sialic acid for the most part binds at the top of the fiber 
knob near the threefold symmetry axis. One exception to this, however, is the 
structure of the canine adenovirus type 2 (CAdV2) knob in complex with sialic 
acid.6? This structure shows a distinct binding site for sialic acid, still on the top of 
the knob but more toward the periphery. The observation that CAR and CD46 bind 
on the side of the adenoviral fiber knobs, while sialic acid binds on the top of the 
knobs from human adenoviruses, suggests that there may be situations in which 
one fiber binds two different attachment receptors. This possibility is supported by 
a crystal structure of the HAdV37 fiber knob in complex with both a CAR domain 
and sialyl-p-lactose.© 


5. Atomic Resolution Cryo-Electron Microscopy and 
X-ray Crystallographic Adenovirus Structures 


Of course to truly appreciate the structure of adenovirus it is necessary to obtain an 
atomic resolution structure of the intact virion. In 2010, atomic resolution structures 
were published as determined by both cryoEM!* and X-ray crystallography.!> Four 
years later in 2014, a refined crystal structure was published.'° Interpretation of the 
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cryoEM structure was aided by the known structures of the major capsid proteins. 
In addition, the resolution was sufficient to observe density for bulky side chain, 
and de novo atomic models were created for several of the minor capsid proteins 
(PDB-ID: 3IYN). Solving of the crystal structure at 3.5 Å resolution was aided by a 
pseudo-atomic capsid produced by fitting the coordinates of isolated capsid proteins 
into a cryoEM density map.!! The first crystal structure provides atomic descriptions 
of hexon and penton base together with partial models for some of the minor capsid 
proteins (PDB-ID: 1VSZ). 

Both structures represent tremendous achievements given the large size of adenovirus, 
150 MDa, and the complexity of the capsid with over 100,000 nonhydrogen atoms per 
asymmetric unit. The problem is that with this size and level of complexity, and with 
only partial side-chain densities apparent, the assignment of the minor capsid proteins 
is ambiguous and the two structures differ in their interpretations. The cryoEM structure 
is of HAdV5 and the crystal structures are of the HAdV5-based vector, Ad5.F35. In 
terms of molecular composition they should only vary in their fibers, with Ad5.F35 
containing the shorter HAdV35 fiber. Given that the structure of penton base and a 
fiber fragment indicated a universal mode of association between fibers and penton 
bases of various adenovirus types,* it would seem to be a safe assumption that, except 
for the fibers and possible crystal packing effects, the structure of icosahedral capsid 
would be the same between HAdV5 and Ad5.F35. 

A refined crystal structure at 3.8A resolution was published in 2014 with more 
complete atomic models for the minor capsid proteins (PCD-ID: 4CWU).!° Ideally 
an atomic resolution crystal structure would be at high enough resolution to observe 
density for all, or most, of the side chains so that the assignment of density regions to 
specific amino acid sequences would be unambiguous. Unfortunately, this was not the 
case. Therefore a strategy was designed to evaluate and score assigned sequences to 
features in the experimental density map. This involved grouping the 20 amino acids 
into six groups based on side-chain size. Scores were assigned based on how well the 
sequence matched the density. Comparisons were made after shifting the amino acid 
sequence by one residue at a time. In addition, the N to C direction of each polypeptide 
chain was reversed and the scores recalculated to confirm that the best match for the 
density was chosen. This careful analysis of the X-ray density lends support to the 
assignments of the minor capsid proteins made by Reddy and Nemerow. !6 


6. Hexons in the Atomic Resolution Adenovirus 
Structures 


Comparison of the hexon coordinates within the cryoEM and crystallographic atomic 
resolution adenovirus structures is complicated by the fact that the authors chose a 
different set of four unique hexons to include in the asymmetric unit, or basic repeating 
unit of the capsid.!+!6 The nomenclature of the four hexons is the same in all structures, 
with hexon 1 next to the penton base, hexon 2 next to the icosahedral twofold axes, 
hexon 3 next to the icosahedral threefold axes, and hexon 4 at the remaining position in 
the asymmetric unit. However, the four representative hexons of the cryoEM structure 
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were chosen to surround the four-helix bundle at a facet edge, while the four hexons of 
the X-ray structure are all on the same side of the four-helix bundle. 

Within the crystal structure of Ad5.F35 all 12 of the independent hexon subunits 
have virtually identical folds with a ~1 A root mean square deviation on superimpo- 
sition.!5 The main differences between the hexon subunits within the Ad5.F35 crystal 
structure are found at the N- and C-termini. Both the cryoEM and the crystal structures 
of adenovirus report coordinates for a few extra residues at the N- and C-termini of 
hexon, compared to the crystal structure of the isolated HAdV5 hexon.** However, 
the details of the hexon N- and C-terminal tail structures differ somewhat. Both the 
cryoEM and the crystal structures provide coordinates for some of the residues in the 
hexon hypervariable loops, which were disordered in the isolated hexon structure.** 
When packed in the adenovirus capsid the hypervariable loops mediate interhexon 
interactions and interactions with other capsid proteins. Selection and superimposition 
of a matching set of four hexons from the full icosahedral capsids of both the cryoEM 
and the crystal structures reveal some differences in interpretation for the hexon 
hypervariable loop structures. 


7. Conformational Differences of the Penton Base in 
the Atomic Resolution Adenovirus Structures 


The crystal structure of the isolated HAdV2 penton base was determined with an 
N-terminal truncation missing the first 48 residues because the full-length pro- 
tein was easily degraded.* The coordinates for the isolated HAdV2 penton base 
(PDB-ID: 1X9T) begin with residue 52. In the HAdV5 atomic resolution cryoEM 
structure additional residues (aa 37-51) are traced in the N-terminal tail of the pen- 
ton base.'* The HAdV2 and HAdV5 penton base proteins are highly homologous 
(98% identity) and the overall fold is nearly identical. In the cryoEM structure the 
N-terminal residues of the HAdV5 penton base are observed to interact with a minor 
capsid protein below the penton base and then turn inward to connect to the genomic 
core. However, the N-terminal extensions of the penton base are not identified in the 
crystal structure of Ad5.F35.!15-16 

One of the more obvious differences between the cryoEM and the crystallographic 
adenovirus structures is the overall conformation of the penton base.!*"!© In the 
cryoEM structure the conformation matches the crystal structure of the isolated penton 
base in complex with an N-terminal fiber peptide,* whereas in the X-ray structure of 
adenovirus the penton base has a more expanded conformation and a larger central 
pore. In the isolated penton base structure the central pore of the pentamer has a 
maximum diameter of 28 A; which is too narrow to accommodate the fiber shaft. In 
the X-ray structure of the intact Ad5.F35 virion, the penton base pore has an expanded 
pore diameter of 50A and density assigned to the fiber shaft is observed within the 
pore.!> In the HAdV5 cryoEM structure, density for a short portion of the fiber shaft is 
observed on top of the penton base, consistent with the structure of the isolated penton 
base.'* It is possible that crystal packing forces helped to induce the altered conformation 
of the penton base in the Ad5.F35 crystal structure. 
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The observation of two conformations for the penton base is intriguing. Conforma- 
tional flexibility of the penton base may play a role in early events in viral cell entry 
and may be necessary for the programmed disassembly of the virion.’ It is known that 
the minor capsid protein VI is membrane lytic and that it is released from the capsid in 
the endosome during viral cell entry.’* In the mature adenovirus virion, protein VI is 
packaged on the inner capsid surface.!© A conformational change in the capsid, such 
as dissociation of the penton base, may lead to release of protein VI at the appropriate 
time during cell entry. A cryoEM study of the adenovirus—integrin interaction led to 
the hypothesis that strain arising from the symmetry mismatch between four integrin 
heterodimers and the fivefold penton base might lead to a conformational change in 
the penton base and promote its release from the capsid.?’ 


8. Alternate Assignments for the Four-Helix Coiled Coil 


Both the cryoEM and the X-ray structures of adenovirus show four-helix coiled coils 
at the facet edges (Figure 1(A)).!+!6 Density at this location in the capsid was assigned 
to a portion of protein IIa in an early cryoEM analysis of the molecular architecture of 
adenovirus. !? This assignment to protein IIIa was based on mass and copy number per 
capsid. At higher resolution, this density resolved into a four-helix coiled coil, which 
led to an alternate assignment of this density as the C-terminal domain of protein IX. !? 
This new assignment was based on the fact that the C-terminal domain of protein IX 
is strongly predicted to form a coiled coil and this region was the only observed coiled 
coil within the icosahedral capsid. This assignment implied that the N-terminal domains 
of IX form trimers, cementing together hexons within a facet,’ and the C-terminal 
domains form four-helix bundles at the facet edges. 

The assignment of protein IX to the coiled-coil density at the facet edge seemed 
to be supported by two moderate resolution cryoEM tagging studies.’>-”° In a tagging 
study by Marsh et al., an engineered adenovirus with enhanced green fluorescent protein 
(EGFP) fused to the C terminus of protein IX was examined by cryoEM.”° The cryoEM 
structure at 22 A resolution showed extra density assigned to EGFP at the facet edges 
hovering above the coiled-coil regions, although these regions were not resolved into 
separate helices. In a second tagging study by Fabry et al., a 12 residue peptide (called 
SY12) was engineered at the C terminus of protein IX.” A cryoEM structure of the engi- 
neered adenovirus at 11 A resolution showed extra density at both ends of the cylinder of 
density, representing the coiled-coil region at the facet edge. In addition, anti-SY12 Fab 
fragments were added and a cryoEM structure of the complex was determined at 22 A 
resolution. This structure showed apparent Fab density at both ends of the cylinder of 
density at the facet edge, indicating that the bundle includes antiparallel helices. 

In the atomic resolution cryoEM structure of the intact virion,'* the four-helix 
coiled coils were interpreted as the C-terminal domains of protein IX, as assigned 
earlier by Saban et al.!? and as indicated by the cryoEM tagging studies.’>:’° The 
higher resolution cryoEM structure enabled chain tracing within the coiled-coil 
region with density apparent for several large side chains, including arginines and 
lysines, which aligned with the atomic model for the C-terminal domain of protein IX. 
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In the cryoEM-derived atomic model of the four-helix bundle, the helices were 
linked by a ladder of hydrophobic residues (leucines and valines). Chain tracing 
indicated that three of the helices were parallel and the fourth was antiparallel. The 
antiparallel helix was traced as coming from a protein IX N-terminal domain within 
an adjacent facet. Support for this assignment was provided by the observation that 
when the cryoEM density was contoured with a low-density threshold, connections 
were observed between most of the protein IX N-terminal domains and the helices 
within the coiled coil. The coiled coil is held in place by an interaction with a projecting 
loop (aa 251-256) on the side of the hexon in position 4 within the capsid. 

In the first X-ray structure of the intact virion it was noted that two of the helices in 
the four-helix bundle appeared to be connected at one end.!> This density connection 
between two helices suggested that the four helices might be from a domain of a single 
protein. This observation, in combination with the lack of clear side-chain density for 
the helical residues in the coiled coil, led the authors to consider the possibility that 
this density might be a domain of protein IIa as originally proposed.!> In the refined 
X-ray structure of the virion the assignment of the four-helix bundle to protein IIa is 
confirmed with as much certainty as possible given the resolution of the density map 
(3.8 Å).16 


9. Protein Illa Structure 


As discussed above, there have been differing assignments for the location of protein 
Illa within the capsid. Protein IIa is the largest cement protein in the capsid (63 kDa) 
and it is present in 60 copies per virion. It is known to play a role in viral assembly 
and maturation as temperature-sensitive mutants of protein IIa are defective for 
assembly.’7’8 Secondary structure prediction indicates that protein Ia is highly o-helical 
with at least 16 predicted helices. Analysis of a cryoEM structure of Ad5.F35 at 6A 
resolution in which a-helices within the capsid were resolved resulted in the assignment 
of protein IIIa to a cluster of helices below the penton base on the inside of the 
capsid.!? A cryoEM labeling study of protein IIIa seemed to support this assignment 
as it indicated that the N terminus of protein IIIa is located beneath the vertex complex 
between the penton base and the peripentonal hexons.’? 

The cluster of helices below the penton base was also observed in the atomic 
resolution cryoEM structure of adenovirus. !* The backbone fold of a large portion of 
protein Ia (aa 7-300) was traced into this density below the vertex. It was reported 
that side-chain densities were visualized for ~85% of the residues. However, the 
densities were not distinctive enough to identify individual amino acids and therefore 
the large side chains were used more as “landmarks” for guiding the building of an 
atomic model (PDB-ID: 3IYN). 

In the refined X-ray structure of adenovirus protein IIIa is assigned to the four-helix 
bundle on the exterior of the capsid (PDB-ID: 4CWU) (Figure 1(A)).!© Three segments 
of protein IIa are resolved with good certainty. The N-terminal region of protein IIIa 
(aa 48-102) is observed to extend toward the penton base at the vertex. Another short 
stretch within the N-terminal region (aa 9-25) is also traced, but the assignment of 
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this region is less certain. Two segments in the middle of protein Ia (103-209 and 
252-355) are traced within the four-helix bundle at the facet edge. In the atomic model 
the helical bundle is formed by two long helix—turn—helix motifs with one disordered 
connection (aa 210-253). In addition, the large C-terminal region of protein IIIa (aa 
356-585) is disordered. 

Mass spectrometry indicates that the C-terminal 15 residues of HAdVS protein IIa 
(aa 571-585) are cleaved by adenovirus protease,*° as had been predicted for protein 
Illa of HAdV2.’78! Reddy and Nemerow surmise that the C-terminal region of protein 
IIIa remains on the capsid exterior near the icosahedral twofold axis. One remaining 
puzzle about protein IIa is how the C-terminal tails are cleaved by the adenovirus 
protease, which is packaged in the core of the virion. 


10. Protein IX Structure 


Protein IX is known to help stabilize the virion, as virions lacking protein IX have 
poor thermostability.*?*’ Recently protein IX has gained prominence as a conve- 
nient site of ligand addition for both vector retargeting and fluorescence labeling.** 
The location of the N-terminal domain of protein IX was established by STEM 
of capsid dissociation fragments called groups-of-nine hexons, or GONSs.?? Four 
trimeric regions were observed stabilizing the hexon array. Initially these regions 
were thought to represent the location of the full-length protein IX. However, later 
it was shown that only the conserved N-terminal domain of protein IX (aa 1-39) is 
necessary for stabilization of the Ad capsid.®>-8° Volume analysis in a cryoEM study 
of the Ad5.F35 vector at 9A resolution indicated that the locations identified by 
STEM for protein IX were likely to correspond to only the N-terminal viral inter- 
action domains.!! 

The atomic resolution cryoEM and X-ray crystal structures of adenovirus show 
density for the N-terminal region of protein [X.'*"!° In the first X-ray structure 
only coordinates for the Ca backbone atoms were deposited (PDB-ID: 1VSZ).!> 
In the cryoEM structure density was visualized for ~85% of the side chains in the 
N-terminal domain and coordinates were deposited for the majority of the residues 
in this domain (PDB-ID: 3I1YN).!* Similarly, in the refined X-ray structure coordi- 
nates for the N-terminal domain of protein IX were deposited (PDB-ID: 4CWU).!° 
However, the N to C direction of the polypeptide backbone is reversed in these two 
atomic models. 

In the refined X-ray structure the best match/confidence scores are obtained for 
protein IX compared to the scores for the other cement proteins, lending confi- 
dence to the X-ray-derived atomic model for protein IX. The protein IX N-terminal 
regions form triskelion shapes between hexon trimers in a group-of-nine hexons 
in the middle of each icosahedral facet. In each facet one triskelion sits at the ico- 
sahedral threefold axis in the middle of the facet, and three additional triskelions 
sit at local threefold axes. In the asymmetric unit with just four hexon trimers, one 
triskelion at a local threefold axis is observed along with one-third of the triskelion 
at the icosahedral threefold axis (Figure 1(B)). The polypeptide orientation of the 
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refined X-ray atomic model places the N-termini of protein IX at the distal ends of 
the triskelion and the middle of the protein IX sequence (~aa 77) at the center of 
the triskelion. 

The protein IX C-terminal domain has a heptad-repeat motif typical of a helix 
bundle.8? High-resolution (4-5 A) cryoEM structures of two bovine adenovirus 
intermediates showed three-helix coiled coils above the trimeric regions formed by 
the N-terminal domains of protein IX.88 No coiled coils are observed in these 
locations in the human adenovirus structures. In fact, no density at all is observed for 
the C-terminal domains of protein IX in the refined X-ray structure.!° The fact that the 
linker region between the conserved N-terminal region and the predicted C-terminal 
coiled coil is significantly shorter in bovine adenovirus type 3 (BAdV3) (~24 aa) than 
in HAdV5 (~42 aa) may explain why a protein IX coiled coil is only observed for 
BAdV3 and not for human adenoviruses. 

A moderate resolution cryoEM structure of the canine adenovirus CAdV2 
showed cylinders of density above the protein IX triskelions in the same place as 
the coiled coils in the BAdV3 structures.8° As for BAdV3, the linker between the N- 
and the C-terminal domains of protein IX is significantly smaller in CAdV2 (~15 
aa) than in HAdV5 (~42 aa). To help support the assignment of the cylinders to the 
C-terminal domain of protein IX, Schoehn et al. determined a cryoEM structure 
of CAdV2 with GFP fused to the C terminus of protein IX.*° As expected, extra 
density assigned to GFP was observed above the cylinders. It seems reasonable to 
conclude that the relatively long linker in HAdV5 protein IX may prevent forma- 
tion of a rigid coiled-coil bundle extending directly above the N-terminal triskelion 
region of protein IX. 

Given the homology among the N-terminal domains of protein IX among human, 
bovine, and canine adenovirus, it also seems reasonable to assume that all of these 
domains have the same fold in the context of intact virions. Assuming that the refined 
X-ray atomic model is correct,!° this means that the middle of the protein IX sequence 
is appropriately placed to have a coiled-coil form above the protein IX triskelion if the 
linker is short enough. This is apparently the case for both BAdV3 and CAdV2 but 
not for any of the human adenovirus types that have been studied by cryoEM or X-ray 
crystallography, including HAdV2, HAdV5, and HAdV12. 


11. Core Protein V Structure 


One unexpected finding in the refined X-ray atomic model of adenovirus is the 
positioning of a portion of core protein V on the inner capsid surface (Figure 2(A)).!° 
An atomic model was built for 72 residues of protein V (aa 208-219 and 236-295) 
out of a total of 368 residues. This region of protein V interacts with protein VI below 
the peripentonal hexons. This positioning is consistent with cross-linking experiments 
that indicated that proteins V and VI interact within the virion.?°?! The ordered region 
of protein V is also observed to interact with the copy of protein VIII that is closest to 
the vertex. The complex of proteins V, VI, and VIII is observed to stabilize the peripentonal 
hexons and link them to the adjacent group-of-nine hexons.!° 
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Figure 2 Structure and location of the inner capsid proteins as assigned in the refined ade- 
novirus crystal structure.'° (A) The enlarged asymmetric unit, with four independent hexon 
trimers (1—4) and a complete penton base (PB), is shown as in Figure | but viewed from the 
inside of the capsid together with the ordered portion of core protein V (black). Protein V 

is chain T in PDB-ID: 4CWU. (B) The enlarged asymmetric unit together with the ordered 
portions of two copies of protein VI (black). The two copies of protein VI in the asymmetric 
unit are chains U and V in PDB-ID: 4CWU. (C) The enlarged asymmetric unit together with 
the ordered portions of two copies of protein VIII (black). The two copies of protein VIII in 
the asymmetric unit are chains X and Y in PDB-ID: 4CWU. Top and side views are shown 
in panels A and C. Top and a 45° tilted views are shown in panel B. Dashed lines represent 
disordered regions. This figure was made with UCSF Chimera. !?6 


12. Protein VI Structure 


Protein VI has multiple functions in the adenovirus lifecycle including regulation of 
hexon import into the nucleus during adenovirus assembly,” disruption of the endosomal 
membrane during cell entry,’+ and provision of a peptide cofactor for adenovirus 
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protease.?*°* During the production of progeny virions in host cells, the viral structural 
proteins are produced in the cytoplasm while the viral genome is replicated and new 
viral particles are assembled in the nucleus. Wodrich et al. showed that protein VI 
shuttles between the nucleus and the cytoplasm and links hexon to the nuclear import 
machinery via an importin alpha/beta-dependent mechanism.°” Protein VI contains 
nuclear import and export signals in a short C-terminal segment, which is proteolytically 
removed by the adenoviral protease during virus maturation. Wiethoff et al. showed 
that the N-terminal domain of protein VI has a predicted amphipathic o-helix that is 
required for membrane lytic activity.’* Release of protein VI from the virion is thought 
to occur in the endosome during cell entry. In 1993, two groups showed that an 1 1-residue 
peptide cleaved from the C-terminus of the precursor form of protein VI serves as a 
cofactor for the protease.°?.°+ 

A direct association between protein VI and hexon has been demonstrated”. and 
protein VI has also been shown to bind DNA.” Therefore a location for protein VI on 
the inner capsid surface of the virion in the vicinity of the viral genome seems most 
likely. Also consistent with an internal capsid location is the fact that both the N- and 
the C-terminal peptide regions of protein VI are cleaved by adenovirus protease. There 
are ~369 copies of protein VI per virion,®° which corresponds to ~1.5 copies of protein 
VI per hexon trimer. Saban et al. first noted density bound within the hexon cavities 
on the inner capsid surface and tentatively assigned it to protein VI.!! No coordinates 
for protein VI were deposited with the atomic resolution cryoEM structure or the first 
X-ray structure of adenovirus. !*!> 

The refined X-ray structure of adenovirus provided the first atomic model for 
protein VI (Figure 2(B)).!° Three regions of protein VI were traced (aa 6-31, 34-79, 
and 87-157). One copy of protein VI is found within the hexon cavity of each 
peripentonal hexon. The fold of protein VI appears to be distinct and is predomi- 
nantly a-helical. The predicted amphipathic a-helix of protein VI’* does not form an 
a-helix in the refined X-ray structure. However, it may adopt a helical conformation 
on interaction with the endosomal membrane.’ One of the three traced regions (aa 
6-31) corresponds to the 33-residue N-terminal propeptide that is cleaved by ade- 
novirus protease. The refined X-ray structure shows that after cleavage the ends of 
the newly formed fragments are separated by ~24A. The majority of the residues 
in the 33-residue N-terminal propeptide are found with the peripentonal hexon cav- 
ity. The propeptide interactions with hexon are consistent with hydrogen—deuterium 
exchange mass spectrometry results that indicate that the N-terminal propeptide 
associates with peripentonal hexons.°? The new structural results are also in agree- 
ment with the measured high affinity of the precursor form of protein VI to hexon.!°° 


13. Protein VIII Structure 


The assignment of protein VIII to two hammer-like regions per asymmetric unit on 
the inner capsid surface was first made by Fabry et al.!° These two regions were 
also observed in the 6A resolution cryoEM structure!” and in the atomic resolution 
cryoEM and X-ray structures of adenovirus.!*-!© Adenovirus protease cleaves protein 
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VIII in two places resulting in three fragments. The refined X-ray structure provides 
coordinates for fragment 1 in both copies of protein VIII within the asymmetric unit 
(Figure 2(C)).!© These coordinates mostly agree with the atomic resolution cryoEM 
coordinates for fragment 1.!4 The refined X-ray structure also includes coordinates for 
fragment 3 in one copy of protein VIII, although these coordinates differ significantly 
from the cryoEM coordinates for fragment 3. No density was observed for fragment 
2 (aa 112-157) in the refined X-ray structure and it is possible that this fragment is 
released from the virion after proteolytic processing. 

One copy of protein VIII within the asymmetric unit is below the peripentonal 
hexons. At this position, protein VIII interacts with proteins V and VI and helps to 
stabilize the interaction between the peripentonal hexons. The second copy of protein 
VIII is near the icosahedral twofold axis and interacts with protein VI that is bound 
to the inner side of hexon in position 2 of the asymmetric unit. Both copies of protein 
VIII are at the edge of a group-of-nine hexons and help to stabilize adjacent facets of 
hexons. 


14. Adenovirus Protease 


The adenovirus protease catalyzes the maturational processing of six structural proteins 
in adenovirus and this step is essential for the production of infectious virus particles. 101-102 
These six structural proteins are the precursor forms of proteins Ia, VI, VI, VIII, 
mu, and terminal protein (TP).!0!:!03.!0% Three of these are capsid proteins (IIIa, VI, 
and VIII) and the other three (VII, mu, and TP) are proteins associated with the viral 
DNA in the core of the virion. Adenovirus protease is also responsible for cleaving the 
presumed scaffolding protein L1-52K.!° There are ~50 copies of protease packaged 
within the core of the virion.!°° Since it plays a critical role in the viral life cycle, 
adenovirus protease has been proposed as a target for the design and development of 
antiviral agents to protect against adenovirus infections. !°7 

Structures of active’:!°8 and inactive! forms of adenovirus protease have been 
determined. The structures confirm the idea proposed earlier that adenovirus protease 
represents a distinct class of the cysteine proteases.!!° Adenovirus protease was categorized 
as a cysteine protease on the basis of biochemical and mutagenesis studies.?*!!! Common 
active site cysteine protease inhibitors are active against adenovirus protease.!°° Originally 
the sequence of adenovirus protease was unrelated to any other protease sequence in the 
databases until a weak similarity was found with ubiquitin-like proteinase 1 (Ulp1), which 
is required for cell-cycle progression in yeast.!!* Recently, two other viral proteases have 
been added to the adenovirus protease family. These are from vaccinia virus!!3 and African 
swine fever virus.!!+ A few other proteins have been found to be homologous to 
adenovirus protease, including two paralogous gene products in Chlamydia,!!> a virulence 
factor in Yersinia pestis, YopJ,''° and a protease involved in the regulation of chromosome 
condensation in Saccharomyces cerevisiae.''7 

When adenovirus protease is compared to papain, the archetypical cysteine protease, 
the order of the catalytic Cys and His residues in the primary sequence is different, 
with His54 followed by Cys122 in adenovirus protease and Cys25 followed by His159 
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in papain.!!8-!20 Remarkably, however, when the structure of the active form of adenovirus 
protease is superimposed on that of papain, the active site Cys—His—Glu triplet and the 
oxyanion hole are found in similar arrangements in both proteins.’ This alignment of 
catalytic elements despite quite different protein folds strongly suggests that adenovirus 
protease employs the same catalytic mechanism as papain.!2! 

Purified recombinant adenovirus protease is inactive and two cofactors are 
needed for maximal activity. One cofactor is an 1 1-residue peptide cleaved from the 
C terminus of the precursor form of protein VI (pVIc),°°°* and another is the viral 
DNA.” The sequence of pVIc is GVQSLKRRRCEF. Adenovirus protease is likely to 
cleave its own peptide cofactor from the precursor protein, as there is a consensus 
cleavage site immediately preceding pVIc in the precursor of protein VI (IVGL/ 
GVQS). The structures of the active form of the enzyme show that the pVIc peptide 
forms a sixth strand of a §-sheet and a disulfide linkage with Cys-104 of adenovirus 
protease. This disulfide bond forms both in vitro’:!°8 and in vivo! in the virus 
particle. The specificity constant (k,,,/K,,) of adenovirus protease is increased by 
both cofactors.°*-!23-!25 The viral DNA increases the specificity constant by 110-fold. 
The pVIc peptide increases it 1130-fold. Both cofactors together result in maximum 
activity, with an increase in the specificity constant of 15,800-fold. 

The fold of adenovirus protease is of the a+ type, with five f-strands, six 
a-helices, and two 3-10 helices. These elements form two domains, an a-helical 
domain and a $-strand domain, with the active site at the domain interface. Comparing 
the structure of the inactive form with that of the active form in complex with the 
pVIc peptide reveals why protease is inactive without the pVIc peptide cofactor.!"° 
The major structural difference between the two forms is in the B-sheet domain.!9 In 
the structure of the active form with the pVIc cofactor, the general base His-54 N61 is 
close enough (3.9 A) to Cys-122 Sy to be nucleophilic. In contrast, in the structure of 
the inactive form, His-54 N81 is 7.0A away from Cys-122 Sy and too far to act as a 
nucleophile. There are multiple conformational changes that must occur between the 
inactive and the active forms of the proteins, including reduction in flexibility of a critical 
loop region. The activation of adenovirus protease by pVIc is proposed to occur along 
a 62-amino acid pathway of contiguous conformational changes.!°° 


15. Concluding Remarks 


Our knowledge of the molecular composition and structure of adenovirus has greatly 
increased since the early electron micrographs of the virus taken from before 1965.! 
X-ray crystal structures of isolated hexon,?™3438 penton base,* and fragments of the 
fiber>-° have helped us to appreciate these basic molecular building blocks of the virus. 
Crystal structures of the active and inactive form of adenovirus protease have led to an 
understanding of how the protease is activated by a peptide cofactor.’:!08:!0 

Both cryoEM and X-ray crystallography have contributed to our understanding 
of the architecture of the intact adenovirus virion. However, the large size and high 
level of complexity of adenovirus have led to many twists and turns along the path to 
understanding. The first cryoEM difference map of adenovirus, which was generated 
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by docking multiple copies of the hexon crystal structure into the cryoEM density 
and subtracting the hexon density, revealed minor capsid proteins stabilizing the 
capsid on both the exterior surface and the inner capsid surface facing the viral core.!° 
More details about these minor capsid proteins were revealed in moderate resolution 
cryoEM structures.!°!2 Molecular mass, copy number, and predicted a-helical 
content were used to make tentative assignments of density to the minor capsid 
proteins in efforts to describe the architecture of the virus. CryoEM and molecular 
tagging studies were also used in attempts to pinpoint the locations of the minor capsid 
proteins within the virion.”576-79 The size and complexity of adenovirus have made 
assignment of the minor proteins a daunting challenge. 

In 2010, two “atomic resolution” structures were published, one by cryoEM at 
3.6A resolution,!4 and another by X-ray crystallography at 3.5A resolution.!5 
Although both represent tremendous achievements, unfortunately the resolution of both 
structures was less than ideal for tracing the chains of the minor capsid proteins (IIa, 
VI, VII, IX). The authors had to rely on the presence of density for bulky side chains. 
This task was especially difficult in the absence of atomic resolution structures of the 
minor proteins in their isolated forms separate from the virion. Therefore, perhaps not 
surprisingly, these two structures differed in their interpretations of the locations of the 
minor capsid proteins. 

Four years later, in 2014, with a refined X-ray crystal structure of adenovirus, an 
attempt was made to set the record straight on the locations and chain tracings of 
the minor capsid proteins.'° However, again less than ideal resolution of the density 
map (3.8 A) made tracing of the minor capsid proteins challenging. A strategy to 
evaluate the correspondence of the sequence alignment with the somewhat crude 
side-chain density information available from the density map was developed. This 
analysis provides a measure of confidence to the new assignments. The minor cap- 
sid assignments of the refined X-ray structure are presented in this chapter. These 
assignments include protein IIIa at the facet edges and protein IX N-terminal regions 
between the hexons on the exterior of the capsid. On the inner capsid surface facing 
the viral core, a portion of core protein V is found to interact with protein VI and 
protein VIII below the peripentonal hexons and a second copy of protein VI is found 
to interact with a second copy of protein VIII below hexon in position 2 within the 
asymmetric unit. 

Density for the C-terminal domain of protein IX was not resolved in the refined 
X-ray structure of a human adenovirus vector.!° In cryoEM structures of canine®? 
and bovine®* adenovirus, density was observed for the C-terminal domain directly 
above the N-terminal protein IX triskelions. In the case of the bovine structures, the 
C-terminal domains were resolved as coiled coils as predicted for this domain.*’ 
One remaining puzzle is where the C-terminal domains of protein IX are in human 
adenovirus. The longer linker between N- and C-terminal domains in human ade- 
noviruses might lead to completely random positions for the C-terminal domains. 
Alternatively, perhaps an occasional C-terminal helix of protein IX sits down on the 
helical cluster of protein IIIa at the facet edge. This possibility might explain the 
cryoEM tagging results that seem to support the assignment of the coiled coil at the 
facet edge to protein IX. 
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One observation on adenovirus structure that is not in question is the incredible 
complexity of this virus. Another amazing feature of adenovirus is the multifunctionality 
of many of its “structural” proteins. Many of the proteins that form the icosahedral 
capsid of adenovirus play additional key roles during the viral life cycle. As we learn 
more about the structure of the virion, this information will undoubtedly help to guide 
the development of new adenoviral vectors. 
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1. Introduction 


The family of Adenoviridae is composed of a large number of pathogens that cause 
respiratory, ocular, blood-borne, and intestinal infections and can heavily affect immune- 
compromised individuals.!? Adenoviruses (AdVs) are widely used vectors for virother- 
apies (http://www.wiley.com/legacy/wileychi/genmed/clinical/). These nonenveloped 
nanoparticles can be grown to high titers and purified to near homogeneity under good 
manufacturing practice.*+ Adenoviruses are popular gene delivery agents because they 
transduce both dividing and quiescent cells efficiently, have high physical and genetic sta- 
bility, and occur in a large number of variants yielding high application flexibility. The 
infection biology of certain AdV types has been elucidated in sufficient detail to grant 
clinical applications. In particular, deep mechanistic insight has been gained with human 
AdV (HAdV) types of the species B and C, and members of the HAdV-C are widely used 
in oncolytic therapy. HAdVs E4 and B7 have been used successfully as a vaccine in enteric 
applications for military personnel.°-° The therapeutic potential of AdV-based vectors for 
clinical applications is broad and includes novel vaccination strategies and oncolysis.’* 
A major challenge for the field has been to better understand features that make AdVs so 
highly immunogenic and distinct features that render AdV vectors the most popular cancer 
cell killers. Such insights will provide a basis to improve vectors: for example, to increase 
their circulation time and better target them to cells of interest in clinical applications.’ 


2. Entry Pathways: Impact of Capsid Proteins 


Virus entry determines the efficacy of virotherapies, disease onset, and progression. Ade- 
novirus entry is best characterized in epithelial cells, although entry into immune cells 
is of emerging importance (for reviews, see Refs 10, 11). Adenovirus entry occurs in 
sequential steps, including virus attachment to target cells, signaling, endocytosis, endo- 
somal escape, transport through the cytosol, separation of the viral genome from the cap- 
sid, and delivery of the genome into the nucleus (reviewed in Refs 12-16). A schematic 
summary of generic HAV entry is depicted in Figure 1. Even minor defects or enhance- 
ments in the entry process, for example by soluble factors such as serum factors, have an 
impact on viral gene expression or innate immunity responses against the incoming virus. 

Adenoviruses are icosahedral particles of pseudo T=25 triangulation, in which 
each facet has 12 trimers of the major coat protein hexon. The hexons contain exposed 


Adenoviral Vectors for Gene Therapy. http://dx.doi.org/10.1016/B978-0-12-800276-6.00002-4 
Copyright © 2016 Elsevier Inc. All rights reserved. 


28 Adenoviral Vectors for Gene Therapy 



























Polarised epithelial cell Epithelial cell Infection 
min 
Receptor exposure 11. Attachment  2.Initial uncoating: 3.Lysosomal mn 
; i i fiber shedding, limited exocytosis & 
a. Alternative b. Ad infected\ , release of protein VI ceramide increase 
CAR splicing macrophage }! 
Cytokines i 
e.g. IL-8 8 Ye 1 0-5 
i ASMase 
Bea g3] i ¥ its Drifts al = @® 
A Cen -- XyBars "F-actin SN VI Cer À 
Integrin Myosin-2 
4.Clathrin-mediated Secretory 
dynamin-dependent lysosome 
, Apical translocation endocytosis 
oo-+ < 
Latent 
baa l 7.Capsid 5.Endosomal 13 
(cell adhesion) disruption a escape 
+ 
Kinesin 
6.Cytosolic 
i transport 
y Microtubule Pp >90 
Nup3ss \ & 
Nup214 Ape 
Nucleus 
8.DNA import £ >120 





Figure 1 Schematic depiction of HAdV-C2/5 entry into epithelial cells. For infection of 
polarized epithelial cells, which lack HAdV-C2/5 receptors on the luminal apical side, alterna- 
tively spliced forms of Coxsackie virus B AdV receptor (CAR) can be transported apically in 
low amounts.”°° In addition, innate immune responses of macrophages and other immune cells 
stimulate the expression of cytokines and chemokines, such as IL-8, and thereby lead to apical 
localization of CAR and integrin receptors.°>>° Interleukin-8 binds to the CXCR1/2 receptor 
and triggers translocation of CAR and integrin receptors to the apical surface of epithelial cells. 
(1) This allows virus attachment to CAR exposed on the cell surface, followed by drifting 
motions and retrograde flow mediated by F-actin and myosin-2 whereas particles are still 
outside the cell.*+7>° Eventually, virus binds to integrins, which are immobile and have a lower 
affinity to the virus than CAR.®.?97 (2) Mechanical forces generated by receptor dynamics 
initiate the stepwise uncoating process.!’? Fiber shedding and the release of limited amounts 
of the membrane lytic protein VI from the virus occur on the cell surface.?435258 This is likely 
aided by interaction between integrins and penton base, inducing a clockwise untwisting of 
the pentamer and thereby loosening the viral capsid.!** (3) Transient protein VI-mediated 
permeabilization of the plasma membrane and Ca?* influx elicit lysosomal exocytosis, a 
cellular response to membrane injury.*° Secreted lysosomal acid sphingomyelinase (ASMase) 
generates ceramides. (4) Virus endocytosis requires integrin signaling and is clathrin-mediated 
and dynamin-dependent. (5) As virus is endocytosed, additional protein VI is released and 
interacts with ceramide lipids to enhance endosomal breakage. Thereby, the virus is released 
to the cytosol and avoids passage through acidic compartments.*°'75 (6) Partially uncoated 
HAdV-C2/5 binds to cytosolic dynein via hexon and travels on microtubules toward the micro- 
tubule organizing center.*!.275.22°259 (7) Virions dock on the cytosolic side of the nuclear pore 
complex (NPC) by engaging with the nucleoporin Nup214.7°2749744.246 Simultaneously, protein 
XI and Nup358 bind to kinesin-1, which exerts forces on the capsid and the NPC and thereby 
sets free the viral DNA genome and displaces a fraction of the nucleoporins.**° (8) Viral DNA 
in association with the condensing protein VII is imported into the nucleus.22%-292.20.261 
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hypervariable regions (HVRs), which are subject to immune recognition by both neu- 
tralizing antibodies and virus-specific T-cell responses.!’ They also interact with host 
proteins, including blood factors and cytoplasmic motors.'*?! A trimeric fiber is 
anchored at each vertex to a pentameric penton base, which binds to integrins and con- 
trols virus uptake and cell signaling (for reviews, see Refs 13, 22, 23). The capsid is held 
together with a range of cementing proteins, as indicated by an X-ray crystal structure 
and a cryo-electromagnetic (EM) structure.*> Neither the function nor the location of 
these cementing proteins is entirely clear, however. In particular, the cryo-EM and the 
X-ray structures of AdV are not in complete agreement with respect to the location of the 
cementing proteins. For example, the cryo-EM structure localizes protein IIa beneath 
the vertices, in close association with protein VIII,”* whereas the X-ray structure assigns 
protein Ia to a four-helix bundle on the outer surface of the coat, aligned along the ico- 
sahedral edges.” The X-ray structure places the inner cementing proteins VI, VIII, and 
the deoxyribonucleic acid (DNA) core protein V near the vertex, and protein IX outside 
the virion. The vertex anchors the fiber protein, which protrudes away from the capsid 
and attaches virus to cell surface proteins or sugars (Table 1).7°7 

The capsid harbors a single copy of a linear double-stranded viral DNA. The cap- 
sid is a metastable structure that progressively uncoats in response to cellular cues. 
This feature ensures diverse functions of the capsid, such as endosomal escape, DNA 
shielding during cytoplasmic transport, and finally, DNA release for nuclear import 
(for a review, see Ref. 16). Meta-stability of the capsid is a key feature and is largely 
controlled by the viral cysteine protease, L3-p23 (AdV protease, AVP), which cleaves 
the precursors of protein IMa, VI, VII, VII, X, terminal protein, and the scaffold pro- 
tein L1-52/55K (reviewed in Ref. 28). L1-52/55K is important for the assembly of the 
particle because it provides a bridge between the inner wall of the coat and the viral 
DNA. Its cleavage by AVP spring-loads the particle to a metastable state capable of 
responding to cellular cues for uncoating.” Uncoating is the process by which the 
viral genome is exposed and then separated from the protein or lipid coat. For exam- 
ple, the temperature-sensitive mutant HAdV-C2_TS1 (TS1) has a packaging-defective 
AVP and fails to open the coat and release the DNA. Interestingly, the surface of TS1 
is indistinguishable from that of wild-type HAdV-C2, although TS1 has more mass 
in the vertex region than HAdV-C2.3!** Because the vertex is the weakest part of the 
icosahedral coat,?®33 it is possible that limited proteolysis of vertex proteins renders the 
particle metastable. It is likely that TS1 cannot interpret the mechanical cues it receives 
from the differential movements of the viral receptors on the cell surface (described in 
Fig. 1), unlike HAdV-C2, which is responsive to these cues and exposes the membrane 
lytic protein VI.*~°° This is compatible with the notion that TS1 binds to cells and is 
endocytosed, but fails to uncoat and does not deliver its genome to the nucleus.?437-40 


3. Attachment Factors and Signaling Receptors 


To identify a target cell, AdVs rely on their affinity for attachment factors and sig- 
naling receptors. Some receptors are readily available on the site of entry whereas 
others such as Coxsackie virus B AdV receptor (CAR), desmoglein-2 (DSG2), 


Table 1 Host Factors Binding to Adenoviruses, and Their Endocytic Uptake Pathways 











Binding Virus Binding 
Factor Expression Exposure Serotype Affinity Avidity Domain Pathway 
CAR Broad Tight junctions; 2,4,5,9,12, 2,5,9,12 Fiber knob Clathrin—dynamin; 
low apical 15,19,31,41,52| 41164262 lipid rafts mediated 
abundance of and others, for HAdV-C5 or 
CAR*8 except species fiber knob of canine 
B,D and Ad? in neurons?’ 
G101,142,262 
CD46 Broad Apical and 3,7,11,14,16, 3,7,11,14, 3,77 Fiber knob Macropinocytosis®!:82 
basolateral? 21,35,49,50265 16,21,35 
DSG2 Broad Desmosome SRTA 391 320 Fiber knob 2 
SA Broad Cell surface 8,19,37,52 37,5299:101 37103 Fiber knob, Caveolin for 
interactions of HAdYV-D37 in 
+/— charges corneal cells” 
HSPG Broad Cell surface, 25 us 3 KKTK motive in fiber | ? 
ECM 3266 shaft 
Penton base, fiber 
knob!!1.266 
Integrins | Broad Basolateral Most types, POISE) 2,5257267 | RGD domain in Clathrin—dynamin; 
surface except 40,41, penton macropinocytosis*® 
CAdyV-2 
SR Macrophages, | Cell surface Ss Hexon hypervariable Macropinocytosis? 
other cell regions (HVRs) 1, 
types! !4.268 DS 7 
Blood Soluble 2,3,5,6,7,11, 5153 5,35153 T423, E424, T425 of | Residues R93, K96, 
13,16,18,35, HVR7 and K10 in R125, R165, K169, 
37,46,49,50; FX GLA domain!? K236, and R240 in 
except SP domain of FX 
20,29,25,17, bind to HSPG.!°° 
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Far-Western blots of 
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Cell-bound and soluble factors binding to adenoviruses are depicted in light gray and dark gray, respectively. Affinities were derived from binding strengths of soluble virus factors (trimeric 
fiber knob, penton base, hexon) to host receptors. Avidity represents synergistic but not additive interactions of receptors or cells with highly repetitive ligands such as viruses, penton dodeca- 
hedrons (PtDd), oligomeric viral proteins. High affinity or avidity are defined here as Kp< 1 uM, indicated in bold. Information about expression of CAR, DSG2, and CD46 can be found at: 


http://www. proteinatlas.org/ENSG000001 17335-CD46/tissue. 


http://atlasgeneticsoncology.org/Genes/GC_DSG2.html. 
http://www. proteinatlas.org/ENSG00000154639-CXADR/tissue. 


41-L, long fiber of HAdV-F41; 52-S, short fiber of HAdV-G52; Coxsackie virus B AdV receptor (CAR). 


aKp is indicated for HAdV-CS, HAdV-B35, and HAdV-D26. The other serotypes are grouped together if they have similar binding properties. 
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or integrins, are scarce or constrained to the basolateral surface of polarized epithelia. 
Besides attachment, CAR, integrins, CD46, or DSG2 themselves have a crucial role in 
virus endocytosis, uncoating, and signaling. These aspects determine productive entry, 
gene expression, and infection. For most of the other factors proposed to mediate AdV 
attachment to cells, a specific role in infection has not been identified. Hence, their subse- 
quent discussion will be descriptive. 


3.1 Accessing the CAR 


The CAR is an immunoglobulin family protein implicated in cell adhesion, migration, 
and growth. It is highly expressed in the myocardium, intestines, pancreas, lung, liver, 
and kidney and is present in low amounts in adult brain or cancer cells.27+!42 CAR 
connects neighboring cells through homophilic contacts at the lateral and basal sur- 
faces of polarized cells.*>** It is not readily exposed to viruses that approach the apical 
side of polarized epithelia. Nonetheless, it is a high-affinity attachment factor for most 
HAGVs with the exception of the B, D, and G types.*>° It also binds to canine AdV-2 
(CAdV-2) and avian AdV CELO.°! 

Three mechanisms have been implicated in rendering CAR accessible to HAdVs 
and enabling infection of the respiratory, gastrointestinal, and ocular tracts. The first 
is disruption of tight junctions by a preexisting condition such as physical or chemical 
stress in asthma, cystic fibrosis, and chronic obstructive pulmonary disease.>?>* 
Second, HAdV-C2/5 subverts the innate immune response from macrophages to 
increase apical CAR availability.>°°° HAdV-C2/5 is taken up by alveolar macrophages 
and triggers the release of proinflammatory chemokines and cytokines. Among these, 
interleukin 8 (IL-8 or cysteine-X [any amino acid]-cysteine type chemokine receptor 
[CXCL-8]) induces the translocation of CAR and integrin co-receptors to the apical 
surface of polarized epithelia.” CAR relocalization to the apical membrane depends 
on CXCR-1/2 and Src tyrosine kinases, and mimics a cell migration phenotype. The 
third mechanism occurs when IL-8 enhances the expression of an alternatively spliced 
CAR isoform, CAR®**8, which traffics in low amounts to the apical surface owing to its 
C-terminal tail.°°°’ CAR**8 expression is associated with activation of protein kinase 
B (or AKT) and S6-kinase and inhibition of glycogen synthase kinase-3f. Virus bind- 
ing to CAR enhances signaling through p42/44 extracellular kinase-1,2 and increases 
expression of the entry receptors Bı; integrins.°*? Signaling cascades are reinforced 
during viral gene expression, when the viral immediate early protein EIA stabilizes 
the messenger RNAs encoding for proinflammatory cytokines, including IL-8.°° That 
CAR has a role in inflammatory processes is supported by the observation that in an 
inflamed mucosal tissue, this receptor is liberated from its homophilic contacts on 
polarized cells and engages in activation of immune cells such as neutrophils or gam- 
ma-delta T cells.°°°! 

In addition to a well-characterized function in entry, CAR has a role in virus egress 
from infected epithelia. At late stages of infection when viruses are assembled in the 
nucleus, structural viral proteins are produced in large amounts, and some of them, 
including fibers and penton base, exit the infected cell by unconventional secretion.*? 
The released fibers bind to the lateral surface of CAR, akin to homophilic CAR-CAR 
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binding at basolateral cell adhesion sites of polarized cells.6 This binding dissolves 
cell adhesions, most likely involving avidity effects owing to the trimeric nature of the 
fiber knob. This shows that CAR is a versatile entry and egress receptor for a large 
number of mastadenoviruses, including human, simian, canine, and chicken AdVs. 


3.2 Using CD46 in High- and Low-Affinity Modes 


Many types of the species B and D, HAdVs attach to the membrane cofactor protein 
CD46 (see Refs 13, 26). CD46 is an inhibitor of complement activation and is present 
on all nucleated cells.® It is localized apically in polarized epithelial lung tissues,®° 
although it can also be expressed basolaterally in other tissue types.°”-°* Virus binding 
to CD46 occurs top-down on tilted CD46, which suggests that straight fiber shafts pro- 
jecting from the virus are suitable for this interaction. The trimeric fiber knob attaches 
to a short consensus repeat in the extracellular variable loop of CD46.°°-’° The knobs 
of HAdV species B have evolved affinities to CD46 ranging from low nanomolar for 
species B2, such as HAdV-B11 or B35, to several micromolar for species B1, such as 
HAdV-B3 or B7. The low apparent affinities are compensated for by avidity mecha- 
nisms, which allow the B1 HAdV to bind to CD46-expressing cells with nanomolar 
affinity.’’ We term this “low-affinity, high-avidity binding.” This type of binding is 
possible for receptors that are highly expressed. 

CD46 protects from homologous complement-mediated cell killing, maintains 
the homeostasis of epithelial barriers, and promotes formation of cellular cytoskel- 
eton.”87? Human adenovirus attachment to CD46 triggers receptor clustering and 
macropinocytosis.°°-*? Ligands of CD46, including fiber knobs of HAdV-B35 and 
HAdV-B11p, rapidly downregulate surface expression of CD46.°-*> Together with 
degradation of CD46, this enhances complement-mediated lysis, alters antigen pre- 
sentation on major histocompatibility complex (MHC) I and II, and decreases IL-12 
secretion in activated human peripheral blood mononuclear cells.86-88 In summary, 
CD46 is a versatile receptor for both species B1, which preferentially infect respi- 
ratory epithelia, and B2 HAdVs, which predominantly infect the kidney and urinary 
tracts. CD46 captures HAdV-B and -D with a range of affinities and may function as a 
docking site for viruses on the apical domain of polarized cells. It will be interesting to 
determine whether highly pathogenic HAdV-B such as B14 also use CD46. Together, 
AdVs exploit two different strategies for cell attachment. The first involves high- 
affinity receptors and ensures binding even when only scarce amounts of receptors 
are available. The second strategy relies on high avidity toward abundant but low- 
affinity attachment sites and may provide opportunities for expanding viral tropism 
and pathogenicity. 


3.3 Desmoglein-2 


The species B1 HAdVs not only bind to CD46 but also exploit another receptor, 
DSG2.’78°°! The interaction between DSG2 and HAdVs is likely of low affinity 
and is enhanced by avidity. This is suggested by the observation that only intact virus 
or penton dodecahedron (PtDd) complexes composed of penton base and fibers, but 
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not trimeric fiber knob, measurably attach to DSG2. DSG2 participates in the for- 
mation of desmosomes and is largely restricted to the basolateral side of polarized 
epithelia.°” 

The role of DSG2 in a primary infection in vivo remains unclear, in part because 
mouse DSG does not bind to HAdV-B3.*° It is speculated that HAdVs might exploit 
DSG2 for virus spreading, because cells infected with species B or D viruses release 
high amounts of PtDd before cell lysis. These assemblies consist of fibers and penton 
bases,?*-°+ interact with DSG2, and initiate a signaling cascade that mimics epithe- 
lial to mesenchymal transition.?° Epithelial to mesenchymal transition widens cellular 
junctions and exposes basolateral factors, thereby facilitating lateral spreading of viral 
progeny.’ 

In summary, whereas CD46 is a unique receptor for HAdV-B16, HAdV-B21, 
HAdV-B35, and HAdV-B50,°%.°° HAdV-B3, and HAdV-B7 bind to DSG2 and engage 
with CD46 in an avidity-enhanced mechanism.” HAdV-B14 and B11 use both recep- 
tors with comparable affinities.®° It is conceivable that DSG2 and CD46 are indepen- 
dent attachment sites for HAdV-B types: that is, DSG2 at desmosomal junctions and 
CD46 on apical and basolateral surfaces.66°6-97 It is possible that apical CD46 leads 
to activation or degradation of DSG2, and thereby opens cell-cell contact sites for 
viruses to access the basolateral pool of receptors, including DSG2 and integrins. 
Surprisingly, despite the nearly undetectable apical binding, HAdV-B35 efficiently 
transduced polarized Caco-2 from the apical side.?* It will be interesting to determine 
the underlying mechanisms of this process. 


3.4 Sialic Acid 


Sialic acid (SA) and its variants are low-affinity attachment sites (dissociation constant 
(Kp) between 19 and 37 uM) for epidemic keratinoconjunctivitis causing HAdV-D8, 
HAdV-D19, and HAdV-D37, and the gastroenteric HAdV-G52.°?-!0! Sialic acid is 
highly abundant on the apical side of polarized epithelial tissues, and might therefore 
serve as an initial anchor for primary infections despite the low binding affinity. The 
family of sialic acid encompasses over 50 related sugars with variable chemical mod- 
ifications, linkages, and tissue expression. 

HAdVs exploit the ubiquitous Neu5Ac, which is similar to the glycans of GDla 
gangliosides.!°? HAdV-D8, HAdV-D19, and HAdV-D37 harbor three conserved pos- 
itively charged binding sites (pKa=9) on the fiber knob that interact with the nega- 
tively charged Neu5Ac (pKa =2.6).103-104 HAdV-G52 contains a long and a short fiber. 
Although the long fiber binds to CAR, attachment to some cells also depends on the 
short fiber, which interacts with sialic acid.!°! Sialic acid is also highly abundant on 
erythrocytes and may be involved in AdV-mediated hemagglutination and in deter- 
mining the biodistribution of HAdVs and their vectors.!° 


3.5 Heparan Sulfate 


Heparan sulfate—containing proteoglycans (HSPG) are linear chains of polymerized 
disaccharides (approximately 80 residues) attached to either the extracellular matrix 
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(ECM) or cell surface components, where they serve to reinforce cell adhesion. 106 
Interaction with fibronectin regulates the formation of focal adhesions and stress 
fibers.!°7 

HSPG are involved in a multitude of cellular processes, including blood coagu- 
lation!°8 and liver lipid metabolism.!° They act as attachment sites for HAdVs that 
are free or coated with other soluble factors (see also Section 3.8). They are reported 
to have low affinity for HAdV species C serotypes, and possibly HAdV-B3 and 
HAdV-B35, which may facilitate downstream interaction of the viruses with integ- 
rins.!!0-!!2 Whereas binding of HAdV-C5 occurs through a positively charged lysine— 
lysine-tyrosine—lysine (KKTK) motif in the fiber shaft,!'? HAdV-B3 apparently uses 
fiber knob.!!! Mechanisms of HAdV-B35 binding remain unclear and physiological 
consequences are difficult to elucidate. 


3.6 Scavenger Receptors and Other Attachment Factors 


Scavenger receptors (SR) encompass eight classes of proteins with low sequence 
homology. They have the propensity to bind negatively charged molecules, are highly 
expressed on macrophages, and expose an electrostatic positive patch implicated in 
ligand binding.!!4!15 SR have been implicated in the clearance of HAdV vectors by 
Kupffer cells in the liver.!!®!!8 Kupffer cells are considered detrimental to systemic 
adenoviral therapies because they clear a large fraction of the injected HAdV-C5-— 
based vectors.!!°-!?! They channel the vector to a degradation pathway, which leads 
to necrosis and inflammation.!?:!7> Interestingly, HAdV-C6 or chemically shielded 
HAGV vectors evade clearance by Kupffer cells.!!7:!24 

The scavenger receptor A-II (SR-A) mediates macrophage uptake of HAdV-C5-— 
based vectors, as shown, for example, by gain-of-function experiments. 18125-127 This 
occurs through external negatively charged HVRs 1, 2, 5, and 7 of hexon, which 
interact with SR-A. In addition, respiratory tract infections with HAdV are likely to 
involve alveolar macrophages, which tune the cytokine profiles such that epithelial 
cells expose HAdV receptors CAR and integrins (see Section 3.1).°> Further investiga- 
tions are required to elucidate the physiological roles of SR and other attachment fac- 
tors in natural and therapeutic infections of model organisms and humans. It remains 
to be seen whether such factors include the previously proposed candidate receptors 
CD80/CD86 and MHC I.!28-!3! 


3.7 Internalization Co-receptors: Integrins 


Integrins are internalization and signaling co-receptors for most HAdVs, except, for 
example, HAdV-F40 and HAdV-F41, which lack an arginine-glycine-aspartate (RGD) 
motive in penton base.'*° Integrins anchor cells to the ECM, transduce signals to and 
from the cell, and regulate cell survival, migration, and differentiation.'** They are 
located on the basolateral side of polarized epithelia but can be relocated apically in the 
context of infection. Integrins are in a dynamic equilibrium between active ligand-bound 
and inactive ligand-free states. Distinct integrin conformations are regulated by bind- 
ing of extracellular divalent cations (outside-in) and cytosolic proteins (inside-out).!3% 


36 Adenoviral Vectors for Gene Therapy 





Interaction of integrins with the endocytic machinery critically determines integrin 
turnover. 134 

Integrins occur as 24 o/f heterodimers of 18 a and 8 P subunits. Interaction between 
HAdV, a,63, and a,B; are best characterized, but HAdVs have also been shown to 
engage with 81, Oh, and a38,.!5>-!4° Human AdV binding to integrins requires an 
RGD sequence in penton base and mimics attachment of integrins to RGD-containing 
ECM proteins such as laminin, fibronectin, and vitronectin.!*! HAdV-C2 internaliza- 
tion, but not binding to CAR-positive cells, was inhibited by soluble penton base or 
synthetic RGD peptides.!*° Nevertheless, in the absence of CAR, integrins can serve 
as attachment receptors.!9?:!4? Remarkably, HAdV-D9 pentameric penton base and 
ayß; interact with a Kp in the nanomolar range, and one penton base of HAdV-A12 
engages with a maximum of four a,ßss.143144 


3.8 Extracellular Factors Influencing Viral Tropism 


Body fluids contain factors that bind to AdVs, confer alternative viral tropism, and 
influence the outcome of both natural infection and systemic gene therapy. For exam- 
ple, dipalmitoylphosphatidylcholine (DPPC) in lung surfactant or lactoferrin (Lf) in 
secretory fluids apparently enhance infection of polarized cells regardless of CAR 
availability. A range of blood coagulation factors, such as factor X (FX), FVII, FIX, 
and protein C binds to HAdV-C5 and its derived vectors.'4> For example, FX shields 
circulating viruses from immunoglobulin (Ig) M and complement-mediated neutral- 
ization and influences virus liver tropism. Extracellular released defensins inhibited 
uncoating and delayed infection with some serotypes and enhanced infection with 
others, such as HAdV-D and F (Table 1).!*° This suggests that defensins modulate 
attachment of HAdV to the cell surface. 


3.8.1 Coagulation Factors 


Vector bioavailability in systemic HAdV therapies is restricted by rapid neutraliza- 
tion through Kupffer cells or intrinsic viral liver tropism. A soluble ligand suspected 
to orchestrate liver targeting in mice and nonhuman primates is blood coagulation 
Fx.!47-!49 Factor X is a vitamin K-dependent coagulation factor that circulates in 
the bloodstream, attaches to intravenously injected HAdV-C5-based vectors, and 
bridges them to HSPG via the FX y-carboxyl-glutamic acid-rich (GLA) domain.!°° 
Cryo-EM experiments identified the solvent-exposed hexon HVR7, particularly 
amino acids T423-E424-T425 and E451, as essential for binding to FX and hepatocyte 
transduction. !°:151,152 

Not all HAdV species bind to FX and binding affinities depend on the amino acid 
sequence of HVRs. For example, HAdV-C5 and HAdV-C2 are strong binders (for 
HAdV-CS, the Kp is about 2nM), whereas HAdV-B3 and HAdV-B35 are weak bind- 
ers.!>> Although several reports have pinpointed that FX is detrimental for AdV-based 
therapies, it has emerged that FX is also beneficial because it shields HAdV from rapid 
neutralization by IgM and the complement system. !54 For further reading on coagulation 
factors and liver targeting, see, for example, Lopez-Gordo et al.!°° 
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3.8.2 Immunoglobulins and Complement 


Ablation of FX binding to HAdV-CS by the vitamin K inhibitor warfarin renders cap- 
sids accessible to circulating IgM and the complement components Clq and C4.!54 
These factors not only trigger an antiviral cytokine response but also directly coat 
viruses to prevent capsid binding to target cells, including hepatocytes,.!°*!5°!57 
Accordingly, high levels of HAdV-specific IgM efficiently blocked liver transduction 
in mice.!?” Intriguingly, the endosomal escape-defective mutant TS1 binds to antibod- 
ies and elicits early complement cascade activation in vitro but not in vivo.!58 These 
data suggest complex dynamics of complement activation in vivo. Complement acti- 
vation is influenced by cell damage signals or other events associated with infection. 
Immunoglobulin coating of viruses also confers tropism to specialized immune cells 
that internalize viruses by phagocytosis!! (see also Section 4.3). 


3.8.3 Lactoferrin 


Lf is a globular glycoprotein present in mucosa and body fluids such as tears, 
nasal fluids, and saliva.!>? Using tear fluids, it was found that Lf enhances infec- 
tion of cultured human cells with HAdV-C5 but not the eye disease associated 
HAdV-D37.!° It was suggested that Lf acts as a bridging factor between HAdV 
and the cell. An Lf-mediated increase in HAdV transduction was apparently inde- 
pendent of CAR. At high concentrations, however, Lf inhibited HAdV infection. 
This suggested that Lf competed with the HAdV-Lf complex for binding to an 
as-yet unidentified receptor.!°!:!©2 A candidate receptor for the HAdV—-Lf com- 
plexes is the lactoferrin receptor (LfR), which is expressed on human epithelial 
cells and T cells.!®-!©* Another receptor candidate is the lectin DC-SIGN, which 
recognizes the mannose-type N-linked glycans on Lf and triggers transduction of 
monocytes and dendritic cells by HAdV5-Lf.!®-!° It will be interesting to deter- 
mine how Lf binds the viruses and enhances or inhibits infection of CAR-negative 
immune cells or polarized cells. 


3.8.4 Dipalmitoylphosphatidylcholine 


Major macromolecules in alveolar surfactant are lipids, proteins, and polysaccharides. 
One of the lipid species, disaturated DPPC, was found to enhance infection of cultured 
lung epithelial A549 cells with HAdV-C2, as judged by transgene expression. 167-168 
Purified viruses or hexons are cofractionated with liposomes. The authors interpreted 
the data to mean that DPPC would enhance HAdV-C2 infection of cells in the absence 
of virus receptors, and perhaps gate virus entry from the apical side of polarized epi- 
thelial cells. Mechanistic data will be required to further support this idea. 


4. Endocytosis 


HAdVs enter cells by endocytosis, a vital process that occurs in all cells. Endocytosis is 
the uptake process for fluids, solutes, membrane-associated proteins, and membranes 
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as well as receptor ligands. It determines cell fate and well-being, including the 
engulfment of nutrients, sensing of the environment, and tuning of signaling.!°-!7! 
Endocytosis occurs through the clathrin-mediated pathway, macropinocytosis, phago- 
cytosis, caveolae-dependent uptake, and the CLIC/GEEC, IL-2, Arf6-dependent and 
flotillin-dependent pathways. These pathways require subsets of effector molecules 
and are subject to distinct regulations. AdVs evolved to exploit multiple pathways of 
internalization. Endocytic uptake of HAdV-C2/5 is highly effective in receptor-posi- 
tive epithelial cells, where > 80% of bound viruses are endocytosed with the half-time 
of 5—10 min.38-81:82.172.173 This is a great advantage for the virus because rapid endocy- 
tosis clears viral traces from the cell surface and limits the risk of premature detection 
of the infection by the immune system. 


4.1 Clathrin-Mediated Endocytosis 


Clathrin-mediated endocytosis (CME) is initiated at specialized membrane domains 
rich in phosphatidyl-inositol-4,5 bisphosphate (PI4,5P,). There, the endocytic cargo 
is recognized by cytosolic adapters that recruit adapter proteins, clathrin, and other 
factors for vesicle formation and scission.!7*:!7> Human AdV-C2 and HAdV-C5 gain 
access into epithelial cells by clathrin- and dynamin-mediated endocytosis. Initial EM 
studies revealed a clathrin coat on endocytic pits and vesicles enclosing incoming 
HAdV.!7°-!79 Further studies with HAdV-C2/5 employing dominant-negative mutants 
revealed the requirement of clathrin, dynamin, and Eps15 for endocytosis and infec- 
tion.?®-180.181 The endocytic process of HAdV is enhanced by ß-integrins.!35-136.182 
Many ß-integrins harbor an asparagine-proline-any amino acid-tyrosine (NPXY) or 
NPXY-like motive in their cytoplasmic domain, which binds to cargo selectors such 
as NUMB and Dab2. NUMB directly interacts with the adapter AP-2 and clathrin. The 
site of interaction surrounds the focal contacts, where NUMB is involved in integrin 
trafficking during cell migration.!*? Dab2 is another adapter molecule that initiates 
CME by bridging f-integrins with clathrin and PI4,5P,. Interestingly, Dab2 supports 
CME in AP-2-deficient cells.!84185 This suggests a certain redundancy, perhaps ensur- 
ing efficient endocytosis under diverse conditions. 

Membrane shaping might require actin, depending on the cell type. Actin is not 
required for endocytosis in nonpolarized cells, yet in polarized cells it has been impli- 
cated in the invagination of membrane domains on the apical but not the basolateral 
side. Actin is thought to provide a force to counteract membrane tension and complete 
membrane bending and pit constriction.!®° F-Actin and the clathrin lattice are con- 
nected by huntingtin interacting protein 1 related (HIP1R).'*° During HAdV entry, 
actin dynamics are tuned by signaling through integrins involving PI3K, p130CAS, 
and the actin remodeling GTPases Racl and Cdc42.!%-!87 The clathrin-coated pits 
are finally subjected to closure and scission by dynamin 2 (Dyn2) in epithelial and 
immune cells. The expression of Dyn2_K44A, a dominant negative form of Dyn2 
defective in GTP binding, blocks HAdV-C2/5 at the cell surface. Supported with RNA 
interference of Dyn2, these data imply that the major pathway of HAdV-C2/5 entry 
into epithelial cells is dynamin dependent.**:!8° 
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4.2 Macropinocytosis 


Macropinocytosis is the engulfment and uptake process of large amounts of fluids 
and membranes. It occurs by actin-dependent membrane protrusion and retraction, 
and results in large intracellular vacuoles (>0.2 uM), referred to as macropinosomes, 
which can mature to late endosomes.!** Constitutive macropinocytosis contributes to 
antigen presentation in macrophages and dendritic cells, and is widely exploited by 
pathogens to modulate the immune response. !!:!89 

HAdV-B3 and HAdV-B35 subvert macropinocytosis for infection of hematopoi- 
etic and nonpolarized epithelial cells.*!.°* They cluster CD46 and ay integrins and 
activate cytosolic Racl, a small GTPase coordinating actin remodeling and plasma 
membrane blebbing. Downstream of Rac1, p21-activated kinase (Pak1) activates the 
C-terminal binding protein 1 of E1A (CtBP1).!9° CtBP1 and Pak1 colocalize with 
macropinosomes that contain the fluid phase-marker dextran, viruses, CD46, and 
ay integrins.8! Remarkably, activation of CtBP1 might influence infection beyond 
membrane trafficking. CtBP1 is a transcriptional regulator and possibly inhibits the 
AdV transactivator E1A during viral gene expression.!?!:!9? Incoming HAdV-B that 
use CD46 have been shown to activate TLR9.!° This could result in the upregula- 
tion of CtBP1-repressed genes and thereby promote an antiviral state in the infected 
cell.!9*-!96 This scenario suggests that CtBP1-dependent macropinocytosis is a 
defense reaction against HAdV. In support of this hypothesis, HAdV-C2/5 induce 
macropinocytosis, although they do not engage with CD46. For these viruses, mac- 
ropinocytosis is not the infectious pathway and is slightly delayed compared with 
their main uptake pathway, CME.!*° All of these observations highlight the broad 
significance of macropinocytosis for infection, ranging from a virus uptake pathway 
to stimulating innate immunity. 


4.3 Phagocytosis 


Phagocytosis mostly accounts for pathogen neutralization and antigen presentation: 
for example, when specialized immune cells internalize opsonized viruses.!!:!°7 
Immunoglobulins contain constant (Fc) and variable domains, coat HAV, and trigger 
phagocytosis after attaching to Fc receptors (FcR) on antigen-presenting cells, mac- 
rophages, and dendritic cells.'°* For example, IgG-clustered HAdV-C5 particles are 
internalized by dendritic cells via the FeyR2 and FcyR3 receptors. !°” 

Human AdVs exploit the Fc-mediated pathway for infection. An example is the 
uptake mechanism of HAdV-C2-CARexFc clusters. CARexFc is a fusion protein car- 
rying the extracellular domain of CAR and the constant region of a human IgG.70.0! 
The clusters, which are several micrometers in diameter, transduced CAR-negative 
hematopoietic cells by phagocytosis through the Fe receptor FeyR1 (CD64). Intrigu- 
ingly, other studies found that HAdVs in complex with IgG, IgM, or IgA were deliv- 
ered to the cytosol and elicited a virus-neutralizing innate immune response triggered 
by the cytosolic FeR TRIM21.!°°.29?20 This highlights that a cytosolic antibody- 
mediated barrier defends the host against incoming viruses. 
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4.4 Caveolar Endocytosis 


It has been reported that the keratoconjunctivitis-causing HAdV-D37 enters corneal 
cells by caveolar endocytosis.”°* Corneal cells have high levels of constitutive endo- 
cytosis and form multiple flask-shaped pits lacking a clathrin coat, classified as cave- 
olin-containing pits. Interestingly, corneal cells of caveolin knockout mice are less 
susceptible to HAdV-D37 entry and HAdV-D37-dependent activation of Src kinase 
and CXCL-1 production. It remains to be shown whether caveolar uptake controls 
HAdV-D37 infection or whether caveolae function as a signaling hub in controlling 
HAdV-D37 infection. 


5. Endosomal Escape 


HAdVs penetrate cellular membranes from endosomes. Upon initial steps of uncoat- 
ing and endocytosis, the inner capsid protein VI is externalized and disrupts the 
limiting membrane. This strategy avoids detrimental lysis of the plasma membrane, 
limits the damage to intracellular endosomes, and ensures clearance of viral traces 
from the cell surface. 


5.1 Protein VI for Membrane Lysis 


Endosomal escape is efficient, with a success rate of 80-95% for HAdV-C5®!.!73.205 
and occurs rapidly. Human AdV-C2 and HAdV-B3 are found in the cytosol within 
15min after cell attachment.'’> Endosomal penetration of HAdV is coupled to the 
stepwise nature of uncoating, as indicated by studies of HAdV-C2/5 and the mutant 
TSI. The TS1 mutant is not infectious. It remains trapped in endosomes, and is 
degraded in lysosomes.?°° Underlying reasons are an uncoating defect of TS1, which 
precludes exposure of the membrane lytic factor VI. This defect occurs because TS1 
fails to respond to mechanical cues from receptors on the plasma membrane. Mechan- 
ical forces occur when viruses bind to CAR and undergo acto-myosin—dependent 
drifts that are counteracted by immobile integrins. These events trigger fiber release 
followed by externalization of VI from a location within the coat.2*!44207.208 T§1 is 
further defective at releasing the tight interactions between the DNA core and the 
inner side of the coat.30=32-34.275 

Electron microscopy analysis revealed that wild-type AdVs are largely intact when 
they reach the cytosol,” which suggests that endosomes are lysed rather than per- 
forated with discrete pores. In support of this notion, a decrease in total endosomes 
after infection was measured.!° It was also observed that HAdVs enhance cytosolic 
or nuclear co-delivery of macromolecules, such as 70-kDa fluorescein isothiocyanate 
dextrans or bovine serum albumin coupled to a nuclear localization peptide. 180.211.212 
In addition, the ribotoxin a-sarcin was found to intoxicate cells in a vATPase—dependent 
manner when added to cells together with HAdV-C5.°*°?!> Any co-delivery assay is 
an indirect measurement of virus penetration because it measures leakage of any 
endocytic organelle formed during virus and toxin co-uptake. In contrast to co-delivery 
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assays, virus penetration can be addressed directly at the single-cell, single-virus level. 
Direct measurement of virus penetration combined with infection studies has shown 
that HAdV-C2/5 and HAdV-B3 penetrate endosomal membranes independently of 
the vacuolar endosomal H*-ATPase inhibitor bafilomycin Al or the protonophore 
niclosamide.!7>7!0.2!4215 Remarkably, however, virus penetration was sensitive to 
lysosomotropic agents, which suggests that the ionic milieu beyond protons is important 
for HAdV penetration. 17173 

Membrane lysis requires the activity of the viral membrane lytic factor protein 
VI.?!6 In vitro studies revealed a role of VI in lysis of model membranes such as 
liposomes, notably independent of low pH.*° Liposomes exposed to VI collapsed and 
formed tubular structures. Fragmentation is enhanced in the presence of a lipid that 
induces positive curvature, lyso-PC.2°° Membrane disruption depends on the N-ter- 
minal 54 amino acids of VI.*° Particularly, amino acids 36-53 of VI likely fold into 
an alpha helical structure with amphipathic properties that allow association of VI in 
parallel to the lipid bilayer, as suggested by tryptophan depth profiling experiments.7!7 

That the amphipathic N-terminal domain is important for virus penetration was 
shown by virus mutagenesis experiments. The mutation of alanine to glutamine 
at position 40 (VI-L40Q) reduced not only the membrane lytic activity in vitro 
but also cell infection.”!© Another mutation in the alpha helical domain, a glycine 
at position 48 (G48C), resulted in aberrant disulfide bonds and the formation of 
VI dimers, and decreased membrane lysis.?!® Intriguingly, the N-terminal amino 
acids 34-50 of protein VI do not form a secondary structure within the intact 
capsid.!® It is conceivable that in endosomes, protein VI encounters cellular cues, 
such as lipids or specific ions, that favor folding of its lytic domain into a mem- 
brane active amphipathic alpha helix. The lytic mechanism might resemble that 
of antimicrobial amphipathic alpha helical peptides,”!? some of which insert their 
hydrophobic domain into the hydrocarbon backbone of membranes and traverse 
the lipid bilayer.?2° 


5.2 A New Concept: Hijacking Membrane Repair for Endosome 
Lysis 


Endosomal lysis is not thought to be a physiological event. However, although mem- 
brane penetration strongly depends on viral proteins, host factors contribute in multiple 
ways to this process. For example, cues from the receptors and mechanical forces are 
indispensable for VI exposure.** In addition, new data indicate that incoming viruses 
release few copies of VI at the cell surface, and thereby induce transient membrane 
permeabilization.*° This triggers the influx of calcium ions and lysosomal exocytosis, 
a plasma membrane repair response associated with the increase of ceramide lipids. 
Ceramide lipids enhance virus endocytosis and interact with protein VI in endosomes, 
thereby enhancing endosomal lysis. This provides evidence for a positive feedback 
loop between limited virus uncoating, protein VI-mediated membrane lysis, and local- 
ized lipid production. It is likely that besides ceramide, other endosomal lipids and 
host factors influence virus uncoating and membrane stability, such as ion fluxes, cyto- 
solic factors, or lipid and protein modulating enzymes.2>:22! 
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6. Targeting the Nucleus 


HAdVs engage with cytoskeleton-dependent motor proteins to transit the cytoplasm 
from the site of endosomal escape to the nucleus. 


6.1 Transport through the Cytoplasm 


Long-range cytoplasmic transport is largely mediated by microtubules (MT) and 
associated motors. Microtubules are polarized filaments composed of a-f tubulin 
heterodimers. In nonpolarized cells they nucleate at the microtubule organization cen- 
ter (MTOC) near the nuclear periphery.” In polarized epithelial cells, microtubules 
nucleate at the apical side and elongate toward the basal site, where the positive end 
is situated.2?3 Motor proteins carry cargos across cells along microtubules. For this, 
motors engage in either minus end—directed motions toward the MTOC (dynein), or 
plus end—directed motions toward the periphery (kinesin).”?4 HAdVs have been shown 
to traffic in bidirectional modes on MT.2?>-2?8 

Adenoviruses exploit the MT motor complex dynein—dynactin to reach the nucleus 
of epithelial cells. They reach the nucleus as partially dismantled DNA-positive cap- 
sids 30-60 min after entry.?”5??7-232 HAdV binding to the dynein motor likely occurs 
through hexon, as supported by stochastic simulation modeling of virus motions on 
microtubules.?*> In addition, low pH-primed hexons directly interact with the light 
intermediate chain 1 and the 74-kDa intermediate chain of dynein, presumably 
through the HVR1 loop.?!:?34 HVR1 is susceptible to cleavage by the bacterial prote- 
ase dispase, and this cleavage abrogated hexon binding to dynein in vitro. However, 
HAdV-B/C does not pass through acidic compartments and is insensitive to inhibitors 
of endosomal acidification.**:!772° Cues other than low pH are therefore likely to tune 
the conformation of hexon and promote binding to dynein—dynactin. 

Dynein-dependent motions are subject to regulation. The dynein cofactor dynac- 
tin regulates motor processivity and enhances HAdV motions.??5226:235 In addition, 
dynein-dependent motions are enhanced by virus signaling from the cell surface, 
for example, through the cAMP-dependent protein kinase A (PKA), the Rho family 
GTPases RhoA and Racl, and MAP kinase p38.5°:?36:237 It is possible that PKA and p38 
signaling stabilizes the MT network.2** Alternatively, signaling may enhance dynein— 
dynactin binding to hexon and boost the fast microtubule-dependent motions.??5234.239 


6.2 Deoxyribonucleic Acid Uncoating and Nuclear Import 


How viral capsids transit from MT to the NPC is poorly understood. Yet, imaging 
by fluorescence and electron microscopy has shown that the viral DNA is in the 
context of a hexon-containing coat when it reaches the NPC. Accordingly, small 
compounds or antihexon antibodies blocked the translocation of cytosolic virus to 
the NPC.740-242 

A key factor for the association of the incoming virus with the NPC is the nuclear 
export factor chromosome region of maintenance 1 (CRM1). Inhibition of CRM1 by 
leptomycin B, ratjandone A, or RNA interference strikingly arrested incoming viruses 
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at the MTOC.?”® It is possible that CRM1-mediated nuclear export is required for 
HAdV-C2/5 to dock to the NPC, that it facilitates a special type of transport from 
the MTOC to the NPC, or that it discharges viruses from MT proximal to the NPC. 
Docking of the partly uncoated HAdV capsids to the NPC depends on the nucleoporin 
Nup214.2*3.244 Depletion of Nup214 blocked HAdV-C5 nuclear targeting, whereas 
expression of the N-terminal 137 amino acids of Nup214 restored virus binding. 

The maximal transport diameter of the NPC is about 40 nm, which excludes incom- 
ing AdV from the nucleus.”*° To overcome this size restriction, the DNA is uncoated 
before being imported into the nucleus. For HAdV-C2/5, this occurs through the 
recruitment of conventional kinesin-1.24© When AdVs are docked to the NPC, both 
protein XI and Nup358 engage with kinesin-1 via the kinesin light and heavy chain. 
Kinesin motions provide pulling forces that disrupt capsids and release viral DNA. 
Consequently, the nucleoporins Nup358, Nup68, and Nup214 are displaced to the cyto- 
plasm with parts of the uncoated capsids. Partly disassembled NPCs show increased 
permeation of fluorescent dextrans, and are probably permissive to viral DNA import. 
Further cellular factors are implicated in the import of viral DNA, including histone 
H1, heat-shock cognate protein 70, and importins a, B1, B2, and 7.243:247-*49 Track- 
ing of single viral DNA using copper(I)-catalyzed azide-alkyne cyclo-addition (click) 
chemistry and super-resolution microscopy revealed that, surprisingly, only 6—48% 
of viral genomes were successfully imported into the nucleus, and 25% of viral DNA 
was spread throughout the cytosol with large cell-to-cell variability.2°? Future work 
employing single-genome tracking will further elaborate on mechanisms and implica- 
tions of nuclear import and misdelivery of HAdV genomes (see also Ref. 250). 


7. Conclusions and Perspectives 


Adenoviruses have been known for more than 50 years. Yet, there are many open ques- 
tions regarding how these viruses interact with their host during entry. We estimate 
that close to 100 host factors are involved in AdV entry. In addition, unresolved ques- 
tions include the nature of virus, for example, the location of the minor cementing pro- 
teins, and the mode of genome encapsidation. The latter may affect the mechanisms of 
viral DNA unpacking during entry. 

Important questions regarding virus—host interactions include how the virus over- 
comes the hurdles toward long-lasting gene expression from adenovirus vectors. 
Answers to these questions are the basis for taking best advantage of the highly immu- 
nogenic nature of certain human AdVs and killing cancer cells. The aims involve strat- 
egies to de-target the virus from immune cells and the liver, to shield it from blood 
factors, target it to relevant cells, and finally arm it with genes of interest. Whereas 
re-targeting efforts are advanced, shielding is still in its infancy. It awaits the devel- 
opment of tunable coats that can respond to local cues of target cells: for example, by 
exposing the virus to the uncoating cues that determine efficient entry and genome 
delivery. Promising and versatile shielding and re-targeting strategies have exploited 
designed ankyrin repeats that can be selected for virtually any target at high affinity 
and selectivity.”>!7>* Alternatively, single-chain variable fragments, immunoglobulins 
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from camelids, and derivatives from the latter have also been developed.?°> Regarding 
immunity, key problems for the near future are to elucidate immunogenic features 
of AdVs and determine the mechanisms of how they occur in vitro and in vivo.2°*+ A 
major challenge is to translate the findings from in vitro studies and animal studies to 
humans. It will be interesting to see whether clinical trials with oncolytic AdVs can 
close this gap or create new puzzles that require new technologies to be resolved. 
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1. Introduction 


The biology of adenoviruses (Ad) has been studied since before 1965, unraveling the 
profound range of virus—host interactions including the complexity of viral regula- 
tion of gene expression and Ad inhibition of host antiviral activities. Human Ad was 
first isolated from adenoid tissue in the 1950s as viral agents associated with respira- 
tory infections.! Ad can establish acute and persistent infections. Most Ad infections 
are associated with mild disease occurring mainly in children, but Ad is increasingly 
being recognized as a significant viral pathogen in immunocompromised individuals.” 
Patients undergoing immunosuppressive therapy, including organ transplant patients 
and hematopoietic stem cell transplant recipients, and AIDS patients are included in 
this category. Each Ad serotype can infect a great variety of tissues and cells; however, 
a distinct disease pattern is observed for Ads that belong to different subgroups. For 
example, subgroup A and F Ads (see below) cause gastrointestinal infections, and 
subgroup B and C Ads cause upper respiratory tract infections, which may be accom- 
panied by acute respiratory disease. Interestingly, some Ads of subgroup D cause a 
distinct disease, epidemic keratoconjunctivitis. Over 100 Ads have been identified and 
characterized in a wide range of vertebrate species. The virion is a nonenveloped, 
icosahedral capsid with a diameter of ~80—90 nm, containing a linear double-stranded 
DNA genome of ~36kbp for human Ads. The size of Ad genomes varies from ~30 to 
40 kbp. 

In the early 1960s, researchers demonstrated that some human Ads cause tumors 
in rodents, which led to a surge in studies of the molecular biology, genetics, and 
physiology of Ads that continues to this day. Additionally, recombinant Ad vectors are 
being utilized in ~25% of current human gene therapy trials. Of particular excitement 
is the use of oncolytic Ad as a new class of anticancer agents with great therapeutic 
potential.* Extensive insight into the biology of Ad has opened the door for engineered 
Ads that target cancer cells. 


2. Classification 


Ads belong to the Adenoviridiae family. Currently there are five genera: Mastadeno 
virus and Aviadenovirus originate from mammals or birds, respectively; Atadeno 
virus and Siadenovirus have a broader range of hosts including birds and frog; and 
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Ichtadenovirus are identified in fish. Human Ads comprise more than 60 different 
serotypes classified into seven subgroups, designated A-G, that are organized based 
on their capacity to agglutinate red blood cells of human, rat, and monkey as well as 
on their oncogenicity in rodents. Recently, the field of DNA sequencing has taken 
the classification to a new level, and new sequence availability has allowed for more 
detailed phylogenetic analyses.* 


3. Adenovirus Genome Organization 


The Ad genome (Figure 1) is flanked by inverted terminal repeats (ITR) of ~100 bp 
that contain the origins of viral DNA replication. These sequences are followed by 
the viral packaging sequences at the left end of the genome, which direct viral DNA 
encapsidation. Ad terminal protein (pTP) is covalently linked to the 5’ ends of the 
genome and plays an important role in the initiation of viral DNA replication. The 
capsid is composed of three major proteins (II, III, and IV) and five minor proteins 
(IIa, IVa2, VI, VIII, and IX). Proteins V, VII, and X/mu are associated with the 
DNA and form the core within the virion. These proteins are believed to condense 
the Ad DNA and mediate interactions between the core and the capsid. Ad protease 
is required for the maturation of the assembled particle to form fully infectious 
virus.” 

The human Ad genome encodes ~40 proteins, which are classified as either early 
or late, based on their expression before or after DNA replication, respectively. The 
genome (Figure 1) contains the immediate-early region E1A, four early transcription 
units (E1B, E2, E3, and E4), and a set of “delayed early” units encoding proteins IX 
and IVa2. The Ad major late promoter (MLP) directs the synthesis of a single late 
pre-mRNA that is alternatively polyadenylated and alternatively spliced to generate 
five families of late mRNAs, regions L1-L5. Two additional small late transcripts are 
produced, virus-associated (VA) RNAI and VA RNAII. The transcription units of the 
Ad genome are transcribed from both strands of the chromosome. 

Ads are excellent example of viruses that efficiently use limited genetic space 
and information to maximize their protein production for optimal virus propagation. 
Expression of the viral genes is temporally regulated at many different levels to pro- 
duce a stepwise, logical progression of gene expression in order to take full advantage 


EAEI E2 @ g # 





>< 
IR pIX IVa2 ITR 
ma~ > > — 
MLP L1 L2 L3 L4 L5 


Figure 1 Schematic of the human adenovirus genome. The Ad genome is depicted by a bold 
line with the inverted terminal repeats (ITR) and packaging sequences (¥) shown. Arrows 
above the genome indicate early genes, and arrows below the genome indicate intermediate 
and late genes. 
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of the cellular machinery to direct virus production. As an example, the late viral 
genes are not expressed to a full extent until after viral replication takes place and, 
even then, late gene expression is tightly controlled at both the transcriptional and the 
posttranscriptional level. 


4. Virus Infection 


The Ad fiber protein binds to the coxsackie-adenovirus receptor, which is the pri- 
mary receptor for both Ad5 and coxsackie B virus. Attachment to the receptor 
occurs in concert with the binding of the RGD peptide on the penton base to cellular 
integrins (a6; and aß). Ad may enter cells using heparin sulfate proteoglycans as 
an alternative receptor, likely through interaction with blood factors such as factor 
IX, factor X, or complement component C4-binding protein.’ CD46 also is used as 
a receptor for subgroup B human Ad.° Ad is internalized by receptor-mediated endo- 
cytosis via clathrin-coated pits. Endosome acidification alters virus topology and 
the capsid components partly disassemble. The partially degraded virion is trans- 
ported through the cytoplasm to the nucleus along the microtubule network and the 
capsid is further disassembled en route.® On reaching the nuclear pore complex, the 
protein VII-coated Ad DNA enters the nucleus.’ Current published findings sug- 
gest that it is only protein VU-wrapped DNA that enters the nucleus, escorted by 
histone H1.° Protein VII protects the viral DNA from activating the DNA damage 
response.’ At this point, the DNA is still highly condensed and must undergo exten- 
sive remodeling to decondense before transcription of early genes can begin.> At 
the beginning of viral gene expression, histones are found bound to the viral DNA, 
particularly histone H3.3, along with protein VII.° Viral chromatin remodeling con- 
tinues throughout the life cycle. Viral DNA replication and assembly of progeny 
virions occur entirely within the nucleus of infected cells. Ad DNA associates with 
newly synthesized pVI and the DNA-protein complex subsequently is packaged 
into the Ad capsid." The Ad life cycle takes 24—36h, with a single virus-infected cell 
producing ~10* daughter virions. 


5. Early Gene Expression 


When the viral genome enters the nucleus, early gene expression is directed toward 
achieving three main objectives. First, the host cell is stimulated to enter the S phase 
of the cell cycle and provide the virus with the necessary intracellular niche for opti- 
mal virus replication. Second, Ads devote a considerable part of their coding capacity 
to immune evasion functions that facilitate virus propagation and spread as well as 
gene products that counteract host antiviral responses. Third, viral proteins must be 
produced and used in concert with cellular proteins to carry out viral DNA replication. 
Ad encodes ~25 early gene products. The early genes are expressed in a temporal and 
coordinated manner. 
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5.1 Early Region 1A 


The first early region expressed after Ad infection is the immediate-early transcription 
unit EIA since it requires only cellular transcription factors for its expression. The 
EIA gene products in turn activate transcription from the other early promoters. The 
EIA gene comprises two exons, and several E1A polypeptides are produced following 
alternative splicing of a primary RNA transcript (Figure 2). The most abundant E1A 
proteins are referred to as the E1A 243 amino acid (243 aa) and 289 amino acid (289 
aa) gene products. The E1A 243 aa and 289 aa proteins act as major regulators of 
early viral transcription as well as important modulators of host cell gene expression 
and proliferation.!° The E1A 243 aa and 289 aa proteins share two conserved regions 
within exon 1, referred to as CR1 and CR2, as well as another conserved region (CR4) 
at the C terminus in exon 2 (Figure 2). The two proteins differ only in a 46-residue 
internal exon segment present in the 289 aa protein, referred to as conserved region 
3 (CR3). This region is important for the transcriptional transactivation properties of 
the E1A 289 aa protein. !° 

The E1A proteins exert their effects by interactions with numerous cellular pro- 
teins, many of which are involved in transcriptional regulation (Figure 2). The ELA 
proteins interact with a number of important cellular proteins including: (1) the ret- 
inoblastoma tumor suppressor family members pRb, p107, and p130 via CR1 and 
CR2; (2) transcriptional coactivators p300/CBP, PCAF, GCN5, TRRAP, and p400 
via amino terminal sequences and CR1; (3) additional transcription factors such as 
TATA-binding protein, members of the ATF family, and the RNA polymerase II medi- 
ator complex via CR3; and (4) the transcriptional repressor CtBP via CR4.!° The 
expression of E1A alone is sufficient to induce immortalization of primary rodent 
cells. ELA fully transforms such cells in conjunction with other oncogenes such as 
the Ad EIB proteins or activated Ras.!! The expression of E1A also is sufficient to 
induce S phase progression in quiescent cells.!? E1A activates gene expression via the 
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Figure 2 Functional map of E1A proteins. The coding sequences of the E1A 289 aa and 

243 aa proteins are shown with conserved regions depicted (CR1, CR2, CR3, and CR4). Bind- 
ing sites for cellular proteins are indicated by bars above the E1A proteins. E1A functional 
activities are listed below the proteins. 
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E2F family of transcription factors. E2F transcription factors play a major role in the 
expression of cellular genes important for cell cycle progression. E2Fs both positively 
and negatively regulate gene expression.'* In general, E2F-1, -2, and -3a/b activate 
gene expression, whereas E2F-4 and -5 repress gene expression. E2F-6, -7, and -8 
may function as dominant-negative effectors. Activating E2Fs recruit histone acetyl 
transferases (HATs), and other transcriptional activators, to activate transcription. 
In contrast, repressing E2Fs recruit histone deacetylases (HDACs) and other tran- 
scriptional repressors to repress transcription. These latter complexes are formed via 
the interaction of repressing E2Fs with members of the retinoblastoma gene family. !° 
Rb family binding to E2Fs is controlled through phosphorylation by cyclin-dependent 
kinases (Cdks). The phosphorylation of Rb family proteins by Cdks in the G1 phase 
of the cell cycle results in their dissociation from E2Fs and derepression of E2F- 
responsive genes.!? The activation of E2F complexes results in the promotion of the 
S phase of the cell cycle via the expression of cellular genes that promote cell cycle 
progression. E1A acts to subvert the tight control of E2Fs by binding directly to Rb 
family proteins via an LXCXE motif in ELA common to other DNA tumor virus 
transforming proteins.!? E1A sequesters Rb family members and frees E2Fs to acti- 
vate viral and cellular gene expression. Both E1A 243 aa and 289 aa products direct 
the release of Rb family members from E2Fs, and both E1A proteins promote cellu- 
lar transformation, in part, via this mechanism. p300/CBP, PCAF, and GCNS are all 
HATs, while TRRAP and p400 serve as scaffolding proteins to bridge the interactions 
of HATs with other transcriptional regulators.!* The binding of E1A to these proteins 
promotes cellular DNA synthesis and E1A mutants that cannot interact with these 
effectors are defective for transformation.!° E1A binds to p400 through the N-terminal 
domain.'* p400 is related to the yeast chromatin-modifying proteins SW1I2/SNF2 and 
forms a complex with TRRAP. An EIA mutant that is defective for p400 binding also 
is defective for transformation. p400 is part of a larger HAT complex, termed TIP60, 
that contains TRRAP, GCNS, PCAF, TIP48, and TIP49.!4 

All the aforementioned results demonstrate the complex regulatory circuit that gov- 
erns the regulation of cellular proliferation and how disruption of this carefully coordi- 
nated system by the N-terminal domains of E1A leads to profound effects on the cell. 
The C-terminal exon of the E1A proteins contains a nuclear localization signal and a 
binding site (CR4) for the transcriptional corepressor CtBP.'°:!© E1A exon 2 exhibits 
transcriptional regulatory activities that antagonize exon | functions. E1A exon 2 neg- 
atively regulates E1A functions in transformation and tumorigenesis.'>:!© CtBP func- 
tions as a transcriptional corepressor when tethered to a promoter region and binds to 
a number of HDACs including HDAC-1, -4, and -5. The C-terminal region of ELA 
also binds cellular proteins Dyrk and Foxk that may contribute to, or regulate, ELA 
activities. !>-!° E1A also plays a role in the induction of apoptosis in infected cells. Sus- 
tained, unregulated E2F activity triggers cellular checkpoint signaling and causes an 
increase in the level of the tumor suppressor. Activated p53 induces gene expression 
by binding specific promoter sequences, which activates genes that are involved in a 
number of cellular processes of p53.!7 p53 can induce cell cycle arrest, thus inhibiting 
progression of cell division; p53 also can induce cell death by the induction of apopto- 
sis.!’ The activation of p53, and induction of cellular apoptosis, would be deleterious 
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to Ad replication. Therefore, Ad has evolved several proteins encoded by the E1B and 
E4 transcription units that repress p53 activity and inhibit apoptosis. 


5.2 Early Region 1B 


Early region 1B (E1B) encodes the E1B-19K and E1B-55K proteins. The major 
roles of these proteins in Ad infection are to inhibit apoptosis and further modify the 
intracellular environment in order to make the cell more hospitable to viral protein 
production and viral DNA replication. Viruses with mutations in either E1B protein 
are significantly reduced in virus yield due to cell death by apoptosis prior to the 
completion of the replication cycle. The E1B-55K protein is essential for a variety of 
important functions in the viral life cycle including the inhibition of the induction of 
p53-dependent apoptosis.'* The E1B-55K protein binds to the N-terminal transactiva- 
tion domain of p53 and inhibits p53-induced transcription. E1B-55K also disrupts the 
interaction of p53 with the HAT PCAF and interferes with p53 acetylation.'* Interest- 
ingly, the E1B-55K protein promotes cell transformation independently of repression 
of p53 transcriptional activity. This may relate to the ability of E1B-55K to inhibit 
other apoptotic activities in the cell including the proapototic cellular activity Daxx.!® 
The E1B-55K protein is modified by the small, ubiquitin-like protein SUMO-1 and 
sumoylation of E1B-55K is required for its role in transformation. !° Finally, E1B-55K 
acts in a complex with another Ad early protein, E4-ORF6, to promote the protea- 
some-dependent degradation of p53, among other cellular protein targets.”° 

The E1B-19K protein also is involved in the inhibition of apoptosis. E1B-19K acts 
to block apoptotic pathways that do not rely on p53, such as the tumor necrosis factor 
a (TNFa) and Fas ligand cell death pathways.”! E1B-19K is a functional homologue 
of a cellular suppressor of apoptosis, Bcl-2. E1B-19K acts in the same manner as 
Bcl-2 and predominantly inhibits apoptosis by binding proapoptotic activities Bax 
and Bak.?! E1B-19K also plays a role in the inhibition of TNFa-induced apoptosis by 
blocking the oligomerization of death-inducing complexes involving Fas-associated 
death domain (FADD).”! FADD is a protein that is activated by binding Fas via death 
domains, thus its name (Fas-associated death domain). The exact function of EIB 19K 
in FADD regulation is not well understood. 


5.3 Early Region 2 


The early region 2 (E2) transcription unit encodes proteins that are required for viral 
DNA replication: DNA-binding protein (DBP), precursor terminal protein (pTP), and 
Ad DNA polymerase (Ad-Pol). DBP binds cooperatively to single-stranded DNA to 
stimulate both the initiation and the elongation of viral DNA replication.22 DBP con- 
tains two major domains: the N-terminal globular core domain and the C-terminal 
part, which harbors most of the biological functions of DBP including nucleic acid 
binding and DNA replication.” The outermost C-terminal part of DBP is sufficient 
for all DNA replication functions and forms a protruding C-terminal arm and contains 
a hook. This hook is involved in the formation of a DBP chain where a C-terminal 
arm hooks into another DBP to form a multiprotein complex. This multimerization 
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is the driving force for ATP-independent DNA unwinding by DBP during replication 
elongation.” During the initiation of viral DNA replication, DBP also stimulates the 
formation of a covalent linkage between the pTP and the trinucleotide primer CAT 
by lowering the Kpn value of the reaction, possibly via a direct interaction with the 
pTP-Pol complex.” Indirectly, DBP stimulates replication initiation by increasing the 
binding of NFI (see below) to the origin of replication. Other roles for DBP during 
DNA replication include enhancing the processivity of Ad-Pol, which is achieved by 
cooperative binding to the displaced strand during replication, thereby protecting it 
from nuclease digestion and facilitating strand displacement.2? 

pTP binds both single-stranded and double-stranded DNA and has several func- 
tions in Ad DNA replication.” pTP forms a heterodimer with Ad-Pol, which consti- 
tutes the preinitiation complex for Ad DNA replication.” The C-terminal region of 
pTP contains the Ad-Pol-binding region, while the N-terminal portion is involved in 
DNA binding. pTP binds to the entrance of the primer-binding groove of Ad-Pol, with 
its priming part located at the polymerase active site, and allows for protein-primed 
DNA synthesis to begin.” Besides helping to stabilize the pTP—Pol complex, other 
functions of pTP include attachment of viral DNA to the nuclear matrix, which is 
important for efficient early transcription and possibly for DNA replication.2* The 
presence of pTP also renders the viral DNA inaccessible to 5’ exonucleases and pre- 
vents binding of end-recognizing proteins that could inhibit DNA replication.” 

Ad-Pol belongs to a group of Pol-a DNA polymerases that employs a protein primer 
for DNA replication.” Ad-Pol has DNA-binding activity, DNA polymerase activity, 
and participates in the initiation of Ad DNA replication. The polymerase and exonu- 
clease active sites of Ad-Pol are spatially distinct: the exonuclease activity of Ad-Pol 
is located at the N-terminal part of the protein and the polymerase activity is located at 
the C terminus. The molecular architecture of Ad-Pol is similar to that of RB69 DNA 
polymerases, a model enzyme for the family B polymerases.” When bound to DNA, 
Ad-Pol covers a region of 14—15 nt. Compared to free Ad-Pol, the pTP—Pol complex 
has reduced polymerase and exonuclease activity.” This is most likely due to the fact 
that pTP binds at the entrance of the primer-binding groove of Ad-Pol, which results in 
a competition between the pTP and the DNA located at the primer-binding groove.”* 
After dissociation, Ad-Pol becomes a more active and processive enzyme. 


5.4 Early Region 3 


The early region 3 (E3) region of the Ad2 and Ad5 genome contains seven expressed 
open reading frames, most of which encode proteins with immunomodulatory func- 
tions (Figure 3). The E3 region is dispensable for viral replication in culture since 
E3 genes primarily are involved in the evasion of host immune defenses. E3 encodes 
integral membrane proteins that subvert host defense mechanisms by modulating 
immune response mechanisms including inhibition of antigen presentation suppres- 
sion of natural killer (NK) cell activation, downregulation of apoptosis receptors, 
and interference with TNFa receptor-induced activities.”>-2° It is important that the 
infected cell remains viable during the extended period of infection, so antiapoptotic 
mechanisms are critical for survival. TNFa and Fas are members of the tumor necrosis 


66 Adenoviral Vectors for Gene Therapy 





12.5K 6.7K  gp19K ADP RIDa RID 14.7K 
ee O 





E3 protein Function(s) 

12.5K unknown 

6.7K inhibits TRAIL apoptosis 

gp19K blocks MHC class | presentation, inhibits CTL killing 

ADP cell killing, promotes virus release 

RIDo/RIDB Receptor Internalization and Degradation complex, 
blocks TNFa, FasL, and TRAIL apoptosis 

14.7K Inhibits TNFa, FasL, and TRAIL apoptosis, blocks 


arachadonic acid release 


Figure 3 Schematic of Ad5 E3 proteins. The different proteins encoded by the E3 region are 
indicated by bars. The functions ascribed to different E3 proteins are listed below the diagram. 


factor receptor (TNFR) superfamily that contain death domains that participate in pro- 
tein—protein interactions, leading to the activation of proapoptotic caspases. At high 
concentrations, TNFa can inhibit the replication of certain viruses, including Ad, by 
inducing lysis and/or apoptosis of infected cells.*>2° Binding of a death ligand in the 
TNF family, such as TNFa, Fas ligand (FasL), and TRAIL to its cognate death recep- 
tor, TNFR1, FAS, and TRAIL receptors 1 and 2 (TNFR1, TNFR2), leads to complex 
protein-protein interactions that result in a cascade of caspase-mediated proteolytic 
cleavages and the activation of transcription factors such as NF-KB and AP1. This 
triggers events that ultimately lead to the destruction of the cell via apoptosis. The 
receptors for TRAIL, Fas ligand, and TNFa play a role in killing infected cells, but Ad 
E3 proteins have the ability to inhibit such killing to prolong infection.” Another 
viral strategy encoded by E3 aims to inhibit viral antigen presentation. Cytotoxic T 
cells (CTLs) recognize antigenic peptides presented by major histocompatibility com- 
plex (MHC) class I antigens on the surface of infected cells. Assembly of MHC class 
I antigens occurs in the endoplasmic reticulum (ER) and this process is assisted by 
chaperones. MHC class I molecules carry peptides that are produced by the prote- 
asome and translocate across the ER membrane by the transporter associated with 
antigen presentation.*>.?° After recognition, CTLs release perforins and granzymes 
that promote killing of the infected cell. Alternatively, CTL can induce apoptosis by 
the Fas pathway. By avoiding antigen presentation, the continued replication of Ad in 
infected host cells is possible. 

E3-19K is amembrane glycoprotein localized in the ER and contains three segments: 
a luminal portion, a long cytoplasmic tail, and a transmembrane segment. E3-19K func- 
tions to counter the recognition of infected cells by both innate and adaptive cellular 
immune responses. E3-19K forms a complex with MHC class I molecules and inhibits 
transport of newly synthesized MHC molecules to the cell surface, preventing peptide 
presentation and suppressing recognition by T cells.*°° The function of E3-19K is 
based on two activities: MHC-I-binding activity by use of the luminal portion of the 
protein, and the ability to localize to the ER where it retains the MHC-I molecules. The 
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latter activity is mediated by two structural elements: the ER retention signal contained 
in the transmembrane segment and the ER retrieval signal in the cytoplasmic tail. The 
retrieval signal mediates retrograde transport of E3-19K, and associated MHC-I, from 
the cis-Golgi to the ER where it is retained. Recently, an additional functional element 
has been characterized in the transmembrane domain (TMD) of E3-19K.?” The TMD, 
together with the ER retrieval function, plays a role in efficient ER localization and 
transport inhibition of MHC-I. A potential caveat to human leukocyte antigen down- 
regulation by E3-19K is the potential to render Ad-infected cells vulnerable to NK 
cell recognition. NK cells are a heterogeneous population of cells expressing a wide 
range of activating and inhibitory receptors, including NKG2. MHC class I chain-re- 
lated proteins A and B (MICA and MIBC) are two of the seven human cellular NKG2D 
ligands (NKG2DLs). Induction of NKG2DLs occurs in response to stress, such as virus 
infection, and has been shown to be downregulated by E1A, which renders infected 
cells susceptible to NK cell attack.?8 However, while infection enhances the synthe- 
sis of NKG2DLs, MICA and MICB expression on the cell surface is suppressed by 
E3-19K.”° This is a newly discovered function of E3-19K, which sequesters both 
MICA and MICB within the ER to allow Ad to successfully evade NK activation.” 

The knowledge of the mechanism by which E3-19K protein targets MHC class I 
molecules for retention in the ER is derived mainly from studies of Ad2. Interestingly, 
there are low levels of amino acid conservation between E3-19K proteins of different 
Ad serotypes, suggesting that proteins from different serotypes have distinct MHC-I 
regulatory properties. This may lead to differing abilities of Ad serotypes to cause 
persistent infections.°° 

The E3-10.4-14.5K complex, named receptor internalization and degradation 
(RID), modulates a selective set of plasma membrane receptors involved in apoptosis 
and growth control.”>*° E3-10.4K, or the RIDa subunit, is expressed as two isoforms: 
in one, the signal peptide is cleaved, whereas in the other form, it remains attached 
and serves as a second membrane anchor. The two isoforms form a disulfide-linked 
dimer and associate with E3-14.5K, or the RIDB subunit. RIDA is a type I transmem- 
brane protein that is O-glycosylated and phosphorylated. Both viral proteins contain 
sequence elements in their cytoplasmic tails that include conserved transport motifs. 
RID has three putative tyrosine motifs in the cytoplasmic tail and RIDa has a dileu- 
cine sorting motif, both of which trigger rapid internalization from the cell surface and 
aid in sorting to endosomal and lysosomal compartments, as well as mediate traffick- 
ing to the trans-Golgi network.”>.2° The YXX motif is important for endocytosis of 
the RID complex, while the dileucine motif plays a role in targeting the complex to 
a recycling pathway, diverting it away from a degradation pathway. Therefore, RID 
targets specific cell surface receptors for degradation, but at some point along the 
endocytic pathway, RID drops off its target molecule and recycles back to the cell 
surface. The RID complex is localized predominantly to the plasma membrane, but 
neither RID subunit alone can reach the cell surface; RIDa alone is primarily localized 
in the Golgi, and RID alone is localized in the ER and Golgi.”>° 

E3-RID removes epidermal growth factor receptor (EGFR) from the cell sur- 
face by diverting internalized receptors to a degradation compartment and protects 
the infected cells from ligand-induced apoptosis.”>.?° E3-RID also plays a role in 
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protecting human lymphocytes from apoptosis induced by ligation of Fas, a mech- 
anism important for regulating lymphocyte populations.*>*° On ligand engagement 
with and subsequent trimerization of Fas, Fas associates with death domain pro- 
tein FADD via the death domain present in both proteins. In turn, the death effector 
domains present in FADD and procaspase 8 interact, resulting in the cleavage and pro- 
duction of caspase 8 eventually leading to cellular apoptosis. E3-RID downregulates 
surface Fas by a mechanism similar to that of EGFR, via endocytosis of the recep- 
tors into endosomes followed by transport to and degradation within lysosomes. This 
blocks events immediately downstream of Fas ligation, like Fas-FADD association 
and caspase-8 cleavage.”®! It is possible that expression of RID facilitates long-term 
infection by preventing Fas-mediated deletion of persistently infected lymphocytes. 
The apparently overlapping functions of E3—RID can be separated at the molecular 
level, leading to distinct mechanisms of action. For example, the RIDa subunit has an 
extracellular domain that contains sequences that are important for downregulation of 
EGER, but not Fas,’ suggesting that RID has specific mechanism for the downregu- 
lation of receptors. 

TNFR] is a proinflammatory receptor that activates both NF-KB and AP1 transcrip- 
tion factors in parallel. Both transcription factors are involved in proapoptotic and 
proinflammatory functions, both of which hinder the survival of Ad in infected cells. 
The E3-RID complex is sufficient to inhibit TNF signal transduction through TNFR, 
and the inhibitory effects extend to both the AP-1 pathway and the NF-«B pathway.*? 
E3-RID inhibition of signal transduction through TNFR is accomplished by elimina- 
tion of TNFR1 from the cell surface by clathrin-mediated endocytosis. E3-RID down- 
regulates TNFR1 via an AP2 clathrin-mediated pathway and associates with TNFR1 
in the same complex.** Once again, the mechanisms of action for downregulation of 
TNFRI1 and Fas by E3-RID are different: it is likely that E3—RID associates with 
TNFRI1 on the plasma membrane and Fas in the endosome (similar to where E3- 
RID associates with EGFR). Additional studies have shown that the E3—RID complex 
also interferes with the activation of the NF-KB pathway by interfering with a critical 
phosphorylation step and preventing NF-KB from entering the nucleus and becoming 
active. 

TNFa-induced apoptosis requires activation of one or more cytokines or chemok- 
ines. Chemokines play important roles where injury and infection are present for the 
early phase of inflammation. Interleukin-1 beta (IL-1B) is an example of such chemo- 
kine that is produced in response to inflammation, or induced by lipopolysaccharide 
(LPS), a component of the cell wall of Gram-negative bacteria. Both IL-1 and LPS 
share significant portions of the signaling pathways downstream of the respective 
receptors, IL-1R and Toll-like receptor (TLR4), including the adaptor molecules that 
are required to stimulate signaling and both signaling pathways are strongly inhib- 
ited by E3—RID. However, E3-RID expression has differential effects on IL-1R and 
TLRF4 signaling.*® The inhibition of TLR4 signaling by E3—RID does not involve 
receptor downregulation. This suggests a new, yet unidentified mechanism by which 
E3-RID disrupts chemokine expression and signal transduction without having a 
direct effect on the receptor. In addition, TNFa-induced apoptosis requires the activa- 
tion of cytosolic phospholipase A2 (cPLA2), an enzyme responsible for the production 
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of inflammatory mediators. In the presence of submicromolar levels of Ca?+, cPLA2 
translocates to membranes where it cleaves arachidonic acid (AA), a potent media- 
tor of inflammation, from membrane phospholipids. TNF-induced release of AA is 
inhibited by E3—RID (and E3-14.7K, discussed below), by preventing TNFa-induced 
translocation of cPLA2 to membranes of infected cells.7°! 

E3-RID is one of three proteins encoded by Ad that independently inhibits 
TRAIL-induced apoptosis of infected cells.” The other two proteins are E1B-19K 
and E3-14.7K. T lymphocytes and NK cells use TRAIL to induce apoptosis in virus- 
infected and tumor cells. TRAIL induces apoptosis through two receptors: TRAIL-R1 
(or death receptor 4) and TRAIL-R2 (death receptor 5).7>.2° E3-RID induces the inter- 
nalization of TRAIL-R1 from the cell surface where it is internalized in endosomes/ 
lysosomes and is eventually degraded in lysosomes.*’ One study showed that E3- 
RID is necessary and sufficient for downregulation of TRAIL-R1,*” while another 
study showed that E3-RID may need E3-6.7K (discussed below) for this function.** 
Later, it was shown that both E3—RID and E3-6.7K are necessary for internaliza- 
tion and degradation of TRAIL-R2, whereas only E3—RID is required for TRAIL-R1 
downregulation.?>-?° 

E3-6.7K is a small hydrophobic integral membrane glycoprotein encoded by 
subgroup C Ad.*? A small portion of the E3-6.7K protein is localized on the plasma 
membrane and forms a complex with the E3—-RID6 protein, and this complex is suffi- 
cient to induce downmodulation of TRAIL-R1 (and possibly TRAIL-R2) from the cell 
surface and inhibit TRAIL-mediated apoptosis.** 3? E3-6.7K was shown to maintain 
ER Ca?*+ homeostasis and inhibit the induction of apoptosis, reduce the levels of AA 
induced by TNFa, and protect cells against apoptosis induced through Fas and TNFa, 
in addition to TRAIL receptors. E3-6.7K translocates across the membrane of the 
ER in a posttranslational, ribosome-independent, ATP-dependent manner. In addition, 
it has the ability to adopt more than one membrane topology.*° It contains a single 
hydrophobic stretch that initiates membrane insertion and acts as the TMD, containing 
a signal anchor sequence. E3-6.7K has defied much of the current understanding of 
membrane protein conformation. 

The nonmembrane E3-14.7K protein has a large proportion of amino acids with 
charged residues giving the protein hydrophilic properties. It is localized to both the 
cytosol and the nucleus. E3-14.7K inhibits TNFa-induced apoptosis by an indepen- 
dent mechanism.”°*! TNFa-mediated apoptosis is initiated by ligand-induced recruit- 
ment of TNFa receptor-associated death domain, FADD, and caspase-8 to the death 
domain of TNFR1, thereby establishing the death-inducing signaling complex, DISC. 
E3-14.7K inhibits apoptosis by targeting key factors in this process. For example, 
caspase 8 cleaves key structural components of cells, ultimately leading to apopto- 
sis and cPLA2 activation. E3-14.7K can bind and inhibit the function of caspase 8, 
and ultimately inhibit cPLA2 levels and the release of AA.2°*+! A number of cellular 
E3-14.7K-interacting proteins, named FIPs, are known to bind E3-14.7K directly. The 
FIPs in turn interact with other cellular proteins that are involved in membrane traf- 
ficking and morphogenesis, NF-KB signal transduction pathway, cell cycle control, 
and trafficking from and to the nucleus and cytoplasm.?°*! New molecular mecha- 
nisms implemented by E4-14.7K to escape immunosurveillance have been discovered 
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from 2005 to 2015. For example, E3-14.7K targets TNFR1 endocytosis and directly 
prevents TNFa-induced DISC formation.*” Additionally, E3-14.7K is a potent inhibi- 
tor of NF-«B transcription activity following TLR or TNFR signaling. E3-14.7K can 
inhibit transcriptional activity at a point distal to the initial signaling pathway: spe- 
cifically, it directly binds to the p50 subunit of NF-KB and prevents NF-kB DNA 
binding.*? E3-14.7K has also been shown to independently inhibit TRAIL-induced 
apoptosis in certain cell types,*’ and inhibit STAT1 function by preventing its phos- 
phorylation and nuclear translocation.** 

To elucidate the molecular mechanism for E3-14.7K-mediated cell death protec- 
tion, the biophysical properties of the protein have been characterized. The C-terminal 
two-thirds of the protein is highly structured and binds its putative cellular receptors. 
This C-terminal domain retains the capacity to interact with FIP-1 and the death effec- 
tor domain of caspase 8, and binds zinc. Additionally, another FIP found is optineurin 
(OPTN).*° OPTN has several functions including regulation of receptor endocytosis, 
vesicle trafficking, antiviral signaling, and regulation of the NF-KB pathway. Bind- 
ing of OPTN to E3-14.7K potentially recruits both proteins to the TNFR1 complex, 
but OPTN is dispensable for E3-14.7K-mediated protection against TNFa-induced 
cytotoxicity.*© 

Recently, a new E3 protein, E3-49K, was discovered with subgroup D Ad.*’ Over- 
all, E3 represents one of the most divergent regions of Ad, and some E3 genes seem to 
be unique to a particular subgroups. Ad19a and Ad65 contain the E3-49K gene that is 
absent in Ad of other subgroups, but is present in all subgroup D Ad examined. This 
protein is a glycosylated type I transmembrane protein of approximately 80-100 kDa 
molecular weight, the largest E3 protein discovered. The protein is localized in the 
Golgi-trans-Golgi network in early endosomes, and in lysosomes during the late 
phase of infection. E3-49K is cleaved and the large ectodomain is secreted.*” This 
finding is significant, because to date, E3-49K is the only known E3 protein that is 
shed or secreted and offers an excellent example of immunomodulatory activities that 
are expressed by a single Ad subgroup. Interestingly, the protein targets noninfected 
leukocytes by binding to the protein phosphatase CD45, which suppresses leukocyte 
activation. E3-49K suppressed the functions for both NK cells and T cells.*7 

Finally, the E3-11.6K protein, now known as adenovirus death protein (ADP), 
plays a role in efficient cell lysis and subsequent release of virus from the infected 
cell. ADP is a nuclear membrane and Golgi glycoprotein that is produced in small 
amounts from scarce E3 mRNAs at early times postinfection, but is greatly ampli- 
fied at late stages of infection.** ADP expression at late stages of infection is regu- 
lated by the L4-22K protein, a master regulator of late gene expression (discussed 
below).*° During the late stages of infection, ADP is synthesized from mRNAs that 
contain the Ad tripartite leader (TPL). Over the course of infection, the abundance of 
ADP increases in the Golgi and ER, but ultimately ADP accumulates in the nuclear 
membrane late in infection. Extensive structure—function studies have identified spe- 
cific domains important for protein processing, exit from the Golgi, and subcellular 
localization. Specifically, the luminal domain of ADP is important for protein stability 
and efficiency of cell lysis, while the cytoplasmic—nucleoplasmic domain is important 
for protein localization. In addition, ADP undergoes a complex process of N- and 
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O-linked glycosylation and proteolytic cleavage.>° Just as it is critical for viruses to 
block apoptosis and evade the immune system, viruses must eventually be released 
from the cell in order to further amplify virus production. Mutation or deletion of ADP 
leads to a small plaque phenotype due to impaired virus release,>! showing that ADP 
plays an important role in killing infected cells and for virion release. ADP may cause 
virus release by disrupting nuclear membrane integrity. Interestingly, the requirement 
for ADP for virus spread can be readily compensated by disrupting the functions of the 
E1B-19K protein, suggesting that the two viral proteins act as antagonists to influence 
viral spread.*® Both caspase-dependent and caspase-independent mechanisms of cell 
killing have been observed when ADP is overexpressed,” but the mechanism is not 
well understood. However, overexpression of ADP has been reported to induce a pat- 
tern of cell death that exhibited some characteristics of apoptosis,°* while other studies 
show that ADP has a role in the induction of necrosis-like cell death.>* 


5.5 Early Region 4 


Whether they are expressed early or late during infection, a common theme among 
the Ad transcription units is that they encode multiple proteins of related functions. 
However, Ad early region 4 (E4) is the only transcription unit that produces proteins 
of relatively disparate functions. E4 encodes at least seven proteins according to 
analysis of open reading frames (ORF) and spliced mRNAs (Figure 4). The gene 
products exhibit a wide range of activities. Proteins expressed from the E4 region 
have been shown to be important for transcriptional regulation, viral DNA replica- 
tion, viral mRNA transport and splicing, shutoff of host cell protein synthesis, onco- 
genic transformation, and the regulation of apoptosis. Subgroup D Ads are unique 
in their ability to induce estrogen-dependent mammary tumors in animals.55 The 
primary oncogenic determinant of these viruses is the E4-ORF1 protein,’ rather 
than the EIA and EIB proteins described above. Based on sequence similarity, 


ORF7 


ORF6 ORF4 ORF3 ORF2 ORF1 
SS 


E4 protein Function(s) 

ORF1 binds PDZ proteins, stimulates proliferation/transformation 

ORF2 unknown 

ORF3 inhibits PML-NB activities, blocks the DNA damage response, 
inhibits p53 

ORF4 regulates PP2A, induces cell killing 

ORF6 forms E3 ubiquitin ligase complex and induces degradation 


of cellular substrates, blocks the DNA damage response, 
inhibits p53, host cell shutoff 


ORF6/7 regulates E2Fs 


Figure 4 Schematic of E4 proteins. The different proteins encoded by the E4 region are 
indicated by bars. The functions ascribed to different E4 proteins are listed below the diagram. 
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the E4-ORF1 protein appears to have evolved from a cellular (UTP pyrophospha- 
tase gene, although E4-ORF1 does not possess this enzymatic activity.°° Rather, 
E4-ORFI appears to have utilized the structural aspects of dUTP pyrophosphatases 
in order to form homotrimers. The tumorigenic property of E4-ORF1 depends on a 
C-terminal sequence motif referred to as a PDZ domain. Ad9 E4-ORF1 contains a 
class I PDZ-binding domain motif following the consensus sequence (S/T)—X-(V/I/ 
L)-COOH (X is any amino acid) at the C terminus of the protein.°° PDZ domains 
are involved in protein-protein interactions and, in the case of Ad9 E4-ORF1, medi- 
ate the binding of E4-ORF1 to cellular proteins including Dlg1, MUPP1, PATJ, 
MAGI-1, and ZO-2.°° PDZ proteins function as scaffolds to target signaling com- 
plexes to specific sites at the plasma membrane, and the PDZ proteins that bind to 
Ad9 E4-ORF1 have tumor suppressor activities. The binding of Ad9 E4-ORF1 to 
PDZ-containing proteins mediates the oncogenic function of this viral gene product. 
MUPPI, PATJ, MAGI-1, and ZO-2 localize to tight junctions at sites of cell-cell 
contact with epithelial cells. In epithelial cells, Ad9 E4-ORF1 prevents localization 
of PATJ and ZO-2 to tight junctions and, as such, disrupts tight junctions, resulting 
in a loss of apicobasal polarity.°° Tight junction disruption and the loss of apico- 
basal polarity are common features of epithelial cancers. An additional function 
of Ad9 E4-ORFI is activation of PI-3 kinase and this activity also is involved in 
the oncogenic properties of this protein. Activation of PI-3 kinase is associated 
with many human cancers and the interaction of Ad9 E4-ORF1 with Dlg! may 
mediate this process.°° Finally, the E4-ORF1 protein recently was shown to induce 
Myc activation and promote cellular anabolic glucose metabolism to promote viral 
replication.’ 

The E4-ORF3 protein is highly conserved among different Ad and is multi- 
functional. The E4-ORF3 and E4-ORF6 proteins both bind to the E1B-55K prod- 
uct, although with different outcomes. E4-ORF6 enhances the inhibition of p53 
by E1B-55K, whereas E4-ORF3 transiently relieves the repression of p53 by 
E1B-55K.°® E4-ORF3 has been shown to localize with discrete nuclear structures 
alternatively known as PML nuclear bodies (PML-NB), PML oncogenic domains 
(PODs), or ND10.°? PML-NB exist as multiprotein complexes that exhibit a dis- 
creet, punctate appearance in the nucleus of a cell. E4-ORF3 is necessary and 
sufficient to cause redistribution of these protein complexes into long, track- 
like structures. PML-NB have been implicated in a number of cellular processes 
including transcriptional regulation, the regulation of apoptosis, DNA damage 
repair, protein modification, and an antiviral response.©° PML-NB have also been 
shown to react to stresses such as heat shock and heavy metals as well as inter- 
feron, suggesting a role in cellular defense mechanisms. The E4-ORF3 protein 
of subgroup C Ad (e.g., Ad2 and Ad5) inhibits a cellular DNA damage response. 
E4-ORF3 directs the reorganization of the Mrel1—Rad50—Nbs1 complex (MRN 
complex) into PML-containing tracks.°* The MRN complex serves as a sensor of 
DNA damage and is recruited to the ends of damaged DNA. This serves to trigger 
effector cascades that lead to cell cycle arrest and the repair of the DNA damage. 
In the context of Ad infection, this process, if unabated, results in the end-to-end 
ligation of viral genomes effectively inhibiting viral DNA replication. E4-ORF3 
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interferes with this process by sequestering MRN proteins in the nucleus and 
blocking their function.°* The E4-ORF3 protein also blocks p53 signaling by 
inducing heterochromatin formation at p53-induced promoters, thereby blocking 
p53 DNA binding and transactivation.°! 

The E4-ORF4 protein is a multifunctional regulator. First, E4-ORF4 binds to the 
B55 subunit of the serine/threonine phosphatase PP2A.6%63 By binding this subunit, 
the trimeric form of PP2A is activated, which results in the dephosphorylation of 
target proteins such as mitogen-activated protein (MAP) kinases that are important 
in signal transduction pathways. Increased PP2A activity leads to decreased phos- 
phorylation and inactivation of certain transcription factors, such as E4F, through 
direct interaction or through the inactivation of MAP kinases. E4-ORF4 expression 
also results in decreased E1A phosphorylation at MAP kinase consensus sites that 
are important for E4 transactivation.®2-°> By decreasing the activity of E1A and E4F, 
E4-ORF4 regulates the expression of the E4 region itself and thus may suppress 
the oncogenic potential of the E1A proteins. Second, E4-ORF4 is able to induce 
p53-independent apoptosis in transformed cells.6>63? Oncogenic transformation of 
cells sensitizes them to E4-ORF4-induced cell killing. Depending on the cell type, 
E4-ORF4-induced apoptosis utilizes the classical pathway involving caspases or a 
nonclassical pathway that is caspase independent.®2-°> The binding to and regula- 
tion of PP2A by E4-ORF4 are essential for the induction of cell death. E4-ORF4- 
dependent apoptosis also requires modulation of Src-family kinases.°*:°> Thus, by 
an alternative mechanism, E4-ORF4 represses the oncogenic potential of the Ad 
E1 proteins. E4-ORF4 may be useful in the future as a therapeutic agent to target 
human cancers for apoptotic cell death. 

The E4-ORF6 protein binds to and inhibits p53, providing Ad yet another defense 
for p53 effects within the cell.!0-5558 E4-ORF6 augments the transformed phenotype 
of Ad El-transformed cells through the downregulation of p53 expression. !0-55.58 
E4-ORF6 forms a direct protein complex with the E1B-55K protein. The E4-ORF6/ 
E1B-55K complex recruits a CUL5-containing E3 ubiquitin ligase complex to target 
p53, and other cellular proteins including proteins involved in DNA damage repair, for 
polyubiquitination and proteasome-dependent degradation.!°.>>.58 By this mechanism, 
the E4-ORF6/E1B-55K complex counteracts the induction of p53 stability provided 
by EIA. Other targets of this virus-induced E3 ligase activity include Mre11, Rad50, 
and DNA ligase IV.!9°58 

The E4-ORF6/7 protein is produced from a spliced mRNA that encodes the amino 
terminus of E4-ORF6 linked to the unique E4-ORF7 sequence. E4-ORF6/7 forms 
stable homodimers that contribute to viral DNA synthesis by enhancing the produc- 
tion of E2 products. E4-ORF6/7 binds free E2F and induces cooperative and stable 
binding of E2F/DP heterodimers to inverted E2F-binding sites in the Ad E2 early 
promoter.®* E4-ORF6/7 induces expression from the cellular E2F-1 promoter and is 
able to functionally compensate for E1A in Ad infection by displacing Rb family 
members from E2Fs.® Further, the E4-6/7 protein alters the subcellular localization 
of E2F family members and directs E2F-4 from the cytoplasm to the nucleus.® Thus, 
E4-6/7 displays functional redundancy with the E1A proteins in terms of activating 
E2F family members. 
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6. Viral DNA Replication 


Ad DNA replication is a very efficient process. Three viral proteins (pTP, Ad-Pol, and 
DBP) and three cellular transcription factors (NFI, OCT-1, and NFID are required for 
efficient Ad replication. The core origin of replication, a conserved region between 
nucleotides 9 and 18 at the ends of the viral genome, binds the pTP—Pol complex. 
Adjacent to the core origin is the auxiliary origin bound by NFI and OCT-1. NFI and 
OCT-1 enhance initiation by several hundred fold.*”.°’ Between the core region and 
the auxiliary region is an A/T-rich region, also important for replication. 

NFI is part of a family of related proteins that plays an important role in transcription 
regulation of a large variety of cellular and viral genes.°’ The conserved DNA-binding 
domain and dimerization region of NFI are required for Ad DNA replication. NFI 
binds as a dimer to the consensus sequence TGG(C/A)(N;)GCCAA located at the 
origin of replication nucleotides 25 to 38. DBP enhances the binding of NFI to the 
auxiliary origin by causing a structural change in the DNA that allows for increased 
flexibility of the NFI-binding site. NFI stabilizes binding of the pTP—Pol complex 
to the origin by directly interacting with the pTP—Pol complex.°’ NFI influences the 
kinetics of replication by increasing the number of active initiation complexes. Spe- 
cifically, NFI facilitates formation of the preinitiation complex by inducing a bend 
of 60° in DNA on binding to the Ad origin, which in addition to the origin-binding 
site requires the A/T-rich region preceding this site.” OCT-1 belongs to the family 
of octamer-binding transcription factors containing a POU DNA-binding domain.®’ 
OCT-1 binds at nucleotides 39—47 adjacent to the NFI-binding sequence and interacts 
with pTP via its POU domain. This interaction recruits pTP to the origin and tethers 
it there. Both NFI and OCT-1 act in concert to enhance initiation, bending the DNA 
and facilitating optimal assembly of the preinitiation complex, thereby strongly stim- 
ulating replication.°’ 

After the preinitiation complex is formed, the stress induced by bending assists 
in the unwinding of the origin. Ad replication begins, and employs a protein primer 
for replication initiation. During initiation, pTP presents its Ser-580 residue to the 
Ad-Pol active site, and influences its catalytic activity. After binding with an incoming 
dCTP nucleotide, Ad-Pol covalently couples the first dCTP residue with the OH group 
of Ser-580.°>67 After coupling of the first dCTP, a pTP-CAT intermediate is formed 
using an integral GTA triplet at positions 4-6 as a template. DBP stimulates the forma- 
tion of the pTP—CAT intermediate by lowering the Kn for the reaction by influencing 
the Ad-Pol active site, either via direct interaction with Ad-Pol or by changing the tem- 
plate conformation.?°’ Subsequently, the pTP-CAT intermediate jumps back three 
bases and becomes paired with template residues 1-3 at the beginning of the template 
strand. A common feature among protein-primed replication systems is replication 
initiation at an internal start site, rather than at the genome termini. A similar sliding 
back mechanism was first identified in bacteriophages. This mechanism allows for 
error corrections during initiation that cannot yet be repaired by the proofreading abil- 
ity of Ad-Pol because when bound to pTP, the exonuclease activity of Ad-Pol is inhib- 
ited.?”.°7 During or shortly after the three-nucleotide jump, Ad-Pol dissociates from 
pTP, increasing the rate of polymerization and the proofreading activity of Ad-Pol. 
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During elongation, the pTP-CAT primer is efficiently and processively elongated 
by Ad-Pol by strand displacement. During elongation, DBP enhances the rate of 
processivity of Ad-Pol and modifies the sensitivity to nucleotide analogs indi- 
rectly, by modifying the DNA structure.” DBP helps to unwind short stretches of 
double-stranded DNA in an ATP-independent manner. A third cellular factor, NFU, is 
necessary for elongation and ensures synthesis of genome-length DNA. NFII is a type 
I DNA topoisomerase.”*°’ During elongation, a new duplex genome is formed and the 
nontemplate strand is displaced. The ITRs of the displaced nontemplate strand may 
anneal together to restore the functional origins and can serve as substrates for new 
rounds of replication. 


7. Virus-Associated RNA Genes 


Ad encodes two ~160nt VA RNAs (VA RNAI and VA RNAITI) transcribed by 
cellular RNA polymerase II. These are single-stranded RNA molecules that fold into 
a well-conserved secondary structure that can be divided into a terminal stem, an 
apical stem, and a central domain. The VA RNAs counter cellular antiviral defense 
mechanisms in order to allow efficient synthesis of viral proteins. VA RNAI blocks 
the activity of the RNA-dependent protein kinase (PKR) an interferon-inducible pro- 
tein kinase activated in infected cells as part of the antiviral response.°* Ad infection 
leads to the production of double-stranded RNA, which activates PKR. Activated PKR 
phosphorylates the a subunit of eukaryotic initiation factor 2 (eIF-2), which eventually 
leads to the shutoff of protein synthesis. Ad VA RNAI binds to PKR and blocks PKR 
activation to maintain protein synthesis. In addition, VA RNAI stabilizes ribosome- 
associated viral mRNAs, which could lead to enhanced levels of protein synthesis. 
The apical stem-loop is required for the binding to PKR and the central domain is 
involved in the inhibition of PKR activation. 


8. Late Gene Expression 


Ad replication initiates a transcription cascade that drives late gene expression from 
the MLP. The MLP shows basal transcriptional activity at early times of infection, 
with an efficiency comparable to other early viral promoters, but it is highly active 
late after infection. During the replication cycle, there is a switch from early-to-late 
gene expression in which the MLP is fully activated.® This activation requires viral 
DNA replication, and at least one viral protein, [Va2. Transcription of [Va2 is first 
activated as a result of viral DNA synthesis-dependent titration of a cellular transcrip- 
tional repressor that binds to the IVa2 promoter.’° The synthesis of IVa2 in turn leads 
to maximally efficient transcription from the MLP. The late-specific increase of MLP 
activity requires additional cis-acting sequence elements located downstream of the 
MLP start site, termed downstream elements, DE1 and DE2.”° DE1 is bound by a het- 
erodimer of IVa2 (DEF-A) while DE2 is bound by DEF-B, which is suggested to be a 
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heterodimer of IVa2 and the L4-22K protein.”! The L4-22K protein transactivates the 
MLP consistent with this idea.” 

The MLP drives transcription of the major late transcription unit, MLTU, that results 
in the production of five different groups of mature mRNAs (Figure 1; L1 to L5). 
Ad late proteins act as capsid structural proteins, promote assembly, direct genome 
packaging, and serve regulatory functions. The MLP produces all late mRNAs by 
alternative splicing and alternative polyadenylation of a primary transcript. Prior to 
DNA replication, the MLP is active at low levels with transcription proceeding only 
as far as the L3 region and mRNA production restricted to the L1-52/55K and i-leader 
proteins.® Following DNA replication, the MLP is fully activated and transcription 
proceeds to the L4 and L5 regions. After polyadenylation, Ad late primary transcripts 
are spliced so that each mature mRNA contains the untranslated TPL sequence com- 
posed of leaders 1, 2, and 3. There is a fourth exon, called the i-leader, that is some- 
times inserted between leaders 2 and 3 in early L1 52/55K transcripts, but the i-leader 
is not present in other late mRNAs. L1 mRNAs that contain the i-leader coding region 
are less stable that those that lack it.’* The TPL enhances translation of mRNAs during 
the late phase of Ad infection and can also increase the efficiency of mRNA export 
from the nucleus.” The L4-100K protein is the first late viral protein to be synthesized 
and it promotes translation of TPL mRNAs by ribosome shunting and inhibits cellu- 
lar protein synthesis.” Ribosome shunting involves the loading of the 40S ribosome 
subunits to the 5’ end of the capped mRNA, followed by its direct translocation to the 
downstream initiation codon, directed by shunting elements in the TPL. 

The cellular initiation factor eIF4F is a protein complex composed of phosphory- 
lated cap-binding protein eIF4E, eIF4E kinase MnK1, eIF4A, poly(A)-binding pro- 
tein, and eIF4G. L4-100K binds to the carboxyl terminus of eIF4G and competitively 
displaces MnK1 from cap initiation complexes, preventing eIF4E phosphorylation.” 
Late in infection, the modified L4-100K cap initiation complex associates with higher 
specificity to mRNAs that contain the TPL. The L4-100K—TPL complex enhances 
association with initiation factor eIF4G and poly(A)-binding protein, and together, 
the complexes are recruited to Ad late mRNAs, which utilize the complex to promote 
TPL-directed translation by ribosome shunting.’°-”’7 The mechanism behind this func- 
tion of L4-100K is partially understood. L4-100K is tyrosine-phosphorylated, which 
was shown to be essential for efficient ribosome shunting and late protein synthesis, 
but not involved in binding eIF4G.’° Additionally, L4-100K is arginine-methylated, a 
modification that plays an essential role in modulating protein—protein/RNA interac- 
tions by L4-100K.7° 

Following full activation of the MLP, transcription continues to the L4 and L5 
regions. The L4 poly(A) site usage is prominent and it is only after an increase in 
expression of L4 gene products that the L2, L3, and L5 poly(A) sites are used, gen- 
erating the complete late viral gene expression profile.”? The L4 region encodes four 
proteins: L4-100K, protein pVIII, a structural protein of the viral capsid, L4-33K, a 
viral splicing factor, and L4-22K. Besides its role in DNA encapsidation, described 
below, L4-22K is associated with other functions pertaining to the regulation of Ad 
late gene expression.*?:’2-73-80 The timing of L4 expression fits well with the idea that 
its products function to regulate late viral gene expression.’*”? However, the essential 
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role of L4 family proteins at this stage in the viral life cycle creates a paradox since 
their expression is achieved only as a consequence of the activation of late-phase 
expression. Morris et al. identified a novel, intermediate-phase Ad5 promoter, the L4 
promoter (L4P), that directs the expression of the L4-22K and L4-33K proteins inde- 
pendent from the MLP,®! providing an apparent solution to this paradox. L4P is active 
in its natural context and the amount of L4-22K protein expressed via L4P is sufficient 
to induce the early-to-late transition in MLTU activity. L4P is strongly activated by 
replication of the viral genome and is also partly activated by E1A, E4-ORF3, and 
IVa2. This promoter also is significantly activated by the cellular stress response reg- 
ulator, p53.°? In addition, the two products of L4P activation, L4-22K and L4-33K, 
inhibit p53 activation of the promoter, suggesting the presence of a negative feedback 
mechanism controlling L4P. 

Following alternative polyadenylation, the TPL is spliced to one of many alternative 
3’ splice sites, generating the cytoplasmic mRNAs that encode the Ad late proteins.®° 
The individual 3’ acceptor splice and poly(A) sites within the main MLTU body have 
different efficiencies of usage that change as infection proceeds. The L4-33K protein 
serves as a viral splicing factor in the L1 unit.°? The L1 unit has a common 5’ donor 
splice site that can be joined to one of two alternative 3’ acceptor splice sites forming 
the L1-52/55K or IIa mRNAs. During early times of infection, the L1-52/55K accep- 
tor site is preferentially used, while the Ia acceptor splice site is not active until late 
times of infection. The L4-33K protein is required for the early-to-late shift in the L1 
alternative splicing pattern and plays a positive role in regulating L1 splice site selec- 
tion.® The role of L4-33K as an alternative RNA splicing factor has been confirmed 
in the context of viral infection, with primary targets identified as the proteins IIa and 
pVI, with a lesser effect on fiber.8? 

Although the role of L4-33K in alternative splicing is well understood, the role of 
L4-22K in the regulation of Ad late gene expression is a very young field of study, and 
a deeper understanding regarding the mechanisms of regulation is still needed. Morris 
and Leppard established that L4-22K has an important role in regulating the pattern 
of MLTU gene expression and this role is independent of the effect of L4-33K on late 
mRNA splicing.” Analysis of the phenotypes of L4-22K mutant viruses confirmed that 
L4-22K is important for the transition of early-to-late viral gene expression“? and that it 
acts at the level of late gene mRNA production.*° This function is specific to a unique set 
of mRNA transcripts, with L4-33K and pVIII pre-mRNAs identified as the primary tar- 
gets for L4-22K regulation. Specifically, L4-22K is required for efficient splicing of the 
L4-33K mRNA transcript and subsequent expression of the protein. The current working 
model of late gene expression places L4-22K, activated early in infection by L4P,*! as the 
master regulator of late gene expression: L4-22K regulates accumulation of different L4 
transcripts, including its own, thereby regulating the levels of L4 gene products.*9:72:8° As 
L4-22K protein levels increase, L4-33K pre-mRNA splicing will be stimulated, which 
would effectively reduce the accumulation of L4-22K mRNAs since L4-33K itself reg- 
ulates Ad late pre-mRNA splicing.® Additionally, L4-22K is believed to suppress early 
gene expression during the late stage of infection, specifically E1A, although it is not 
clearly understood if this is also a posttranscriptional mechanism.*? This finely tunes the 
temporal switch of gene expression patterns during the late phase of infection. 
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9. Viral DNA Packaging 


The assembly of mature Ad virus particles is a multistep process that takes place in 
the nucleus. There are four different Ad particle forms identified by CsCl equilibrium 
centrifugation: empty capsids devoid of viral DNA, light assembly intermediates that 
contain the left end of the genome, heavy assembly intermediates that contain the full- 
length viral genome and precursor forms of certain capsid proteins, and mature virus 
particles that contain the full-length genome with proteolytically processed capsid 
proteins. Efficient packaging is required for the formation of mature virus particles 
and a complex of DNA and proteins at the packaging domain plays a key role in this 
process. The current model of Ad DNA packaging includes a multiprotein complex for 
packaging similar to the molecular motors of double-stranded DNA bacteriophages, 
which insert their genomes into preformed capsids driven by an ATP-hydrolyzing 
molecular machinery. The IVa2 protein was shown to bind ATP,** leading to the 
speculation that [Va2 is the ATPase providing the power stroke of the Ad packaging 
machinery. 

Ad DNA packaging is dependent on a cis-acting region located at the left end of 
the viral genome (nucleotides 230-380) termed the packaging domain.’ To achieve 
optimal packaging activity, the packaging domain must be near an end of the genome. 
The role of the packaging domain is to target the genome to an immature procapsid 
via proteins that bind to its sequences. The packaging sequences contain seven AT-rich 
repeats, termed A1 thru A7, that have the consensus sequence 5’-TTTG—Ng—CGNG- 
3’.85 Repeats Al, A2, A5, and A6 are the most important repeats functionally.*> The 
identification of the core nucleotide sequences involved in packaging allowed for the 
production of simplified packaging domains consisting of multiple copies of one A 
repeat or several A repeats, with Al and A2 commonly used as a synthetic sequence 
that functions as wild type.*° Several viral proteins have been described for their criti- 
cal function in DNA packaging, including IVa2 and L4-22K. IVa2 and L4-22K mutant 
viruses produce empty particles containing no viral DNA.*°:°7:8° In vitro, [Va2 binds to 
the CG motif of the Al repeat, and L4-22K binds to the TTTG motif and forms a com- 
plex with IVa2 on the A2 repeat. Additional [Va2 and L4-22K proteins bind to adjacent 
packaging repeats.’!-°8 In vivo studies showed that the L4-22K and IVa2 proteins are 
dependent on each other for binding to the packaging domain.*? The binding of these 
proteins to the packaging domain may result in a complex initiating the formation of a 
portal entry site in an immature virus particle that leads to DNA encapsidation. 

Detailed characterization of the assembly of [Va2 and L4-22K proteins onto pack- 
aging sequences shows that L4-22K binding promotes cooperative assembly of [Va2 
onto packaging sequences.*?.°° The critical roles of both of these viral proteins in 
DNA encapsidation, and other aspects of infection, have prompted several structure— 
function studies. The Ad IVa2 protein has highly conserved sequences that resemble 
Walker boxes A and B associated with ATPases, and these elements are required for Ad 
packaging to occur.®” The putative helix-turn—helix motif at the extreme C terminus 
of [Va2 is responsible for DNA-binding activity specifically related to packaging, 
but not its activation of the MLP.?! The L4-22K protein has a unique C-terminal 
region that is highly conserved among human Ad serotypes. Within this region is a 
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conserved pair of cysteine residues that are required for efficient packaging, but not 
for regulation of late gene expression; therefore these residues uncouple the functions 
of L4-22K in Ad DNA packaging from the regulation of viral gene expression.®° 

A working model for Ad DNA packaging suggests that IVa2 and L4-22K bind 
directly to packaging sequences and together they recruit the L1-52/55K and L1-I]a 
proteins to promote encapsidation. L1-52/55K is a nuclear phosphoprotein that is 
present in empty capsids and assembly intermediates, but it is not found in mature viri- 
ons, suggesting a scaffolding role for this protein. In the absence of L1-52/55K, only 
empty capsids are formed,” further strengthening the notion that this protein is critical 
for virus packaging. [Va2 and L1-52/55K proteins bind to the packaging sequence 
in vivo, but independent of each other.*°°? L1-52/55K also interacts with IVa2 via the 
N-terminal 173 amino acids of L1-52/55K.%* Additionally, the L1-II]a protein likely 
interacts with the L1-52/55K protein and associates with viral packaging sequences,”* 
indicating that the complex of proteins on the packaging sequence is more intricate 
than initially believed. 

Outside of the conventional model of packaging that includes the four viral proteins 
described above, other cellular and viral factors have been implicated and extensively 
studied. Several cellular DNA-binding proteins that bind packaging repeats were 
identified, but were not found to be relevant to the packaging process. These cellular 
proteins include COUP-TF, OCT-1, and P complex containing CCAAT displacement 
protein.’ The packaging domain overlaps with the transcriptional enhancer region of 
EIA; thus, these cellular proteins as well as Ad packaging proteins may be import- 
ant for E1A transcription. Additionally, L4-33K is suggested to play a role in virus 
assembly?®°* and genome packaging.*’ A virus deficient in L4-33K produces only 
empty capsids, but the protein does not bind to packaging sequences or influence the 
interaction of other Ad proteins with the packaging sequences; therefore, a better 
understanding of this protein’s role in this aspect of the viral life cycle is needed. 


10. Conclusion 


Adenoviruses have a life cycle that represents a complex interplay between virus and 
host with a series of events that are temporarily regulated in order to optimize produc- 
tion of progeny virus. Ads devote a considerable part of their genome coding capacity 
to immune evasion functions and to encode proteins that counteract innate cellular 
responses to infection. At the same time, Ads are excellent at utilizing the cellular 
machinery to carry out viral functions. Since Ads significantly manipulate normal host 
cell functions to promote infection, studies into Ad basic biology have contributed to 
the fields of cell biology, DNA replication, gene expression, translation, immunol- 
ogy, and cancer. There are still numerous unanswered questions about Ad biology and 
many unsolved problems as the growing cases of serious Ad infections in immuno- 
logically compromised individuals rise. There is still no virus-specific therapy avail- 
able. Additionally, with the widespread use of Ad gene therapy vectors, it is becoming 
increasingly important to gain a better understanding of the molecular mechanisms of 
infection. 
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1. Introduction 


Rowe and colleagues first discovered adenovirus (Ad) in 1953 while trying to cul- 
ture human adenoid tissue in the laboratory.! Following the discovery of human Ad, 
nonhuman Ads have been isolated from a number of species including dog, mouse, 
chimpanzee, and pigs as well as other mammalian and avian species.™ After their dis- 
covery, Ads were extensively studied as a model system to understand basic eukaryotic 
cellular processes such as DNA replication, transcription, RNA splicing, and transla- 
tion.* The study of Ad led Sharp and colleagues to discover the existence of introns 
and the process of mRNA splicing." During late 1960s it was found that adenoviruses 
can recombine during growth in culture. This finding ultimately set the stage for the 
use of Ad as a vector for gene delivery to cells both in vitro and in vivo.°8 

Ads have many features that make them a suitable vector for gene therapy includ- 
ing: (1) the viral genome is relatively easy to manipulate by recombinant DNA tech- 
nology; (2) scaling up and purification of the recombinant virus for use in the clinic are 
relatively easy; (3) the virus infects both quiescent and dividing cells with high effi- 
ciency; (4) recombinant viruses are fairly stable as the viral genome does not undergo 
rearrangement at a high rate; (5) in permissive cells the virus replicates to high levels 
producing up to 10,000 plaque-forming units (pfu) per infected cell; and (6) high lev- 
els of transgene expression are achieved. Moreover, the viral genome is maintained 
as an episome in the infected cell and rarely integrates into the cellular genome. This 
increases the safety of adenoviral vectors as the risk of insertional mutagenesis is 
quite low. However, because of the episomal nature of the vector genome, transgene 
expression is transient in dividing cells (reviewed in Sadeghi and Hitt”). These features 
have made Ad a vector of choice for gene therapy, which is evident from the fact that 
adenoviral vectors have been used in almost a quarter of all the gene therapy clinical 
trials performed to date.!° 


1.1 Adenovirus Biology 


More than 100 serotypes of Ad are known, 51 among which are isolated from humans. 
Based on sequence homology and their ability to agglutinate red blood cells, the 51 
serotypes of human Ads have been classified into six groups: A to F.> The serotypes 
most widely studied and most commonly used as vectors for gene therapy are Ad2 
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and Ad5, both of which belong to group C.>!! This chapter will focus mainly on the 
biology of these two serotypes of Ad. The adenovirion is a nonenveloped icosahedral 
particle about 70-90nm in size containing a linear double-stranded DNA genome 
of approximately 36 kilobase pairs (kbp). The facets of the icosahedral capsid of the 
virion are composed mainly of trimers of hexon protein, and some other minor pro- 
teins. The vertices of the capsid are composed of penton bases anchoring the fiber pro- 
teins that are responsible for the primary attachment of the virion to the cell surface. 

The first event in virus infection is the binding of fiber protein to the coxsackievirus 
adenovirus receptor (CAR) on the cell surface. This is followed by a secondary inter- 
action between virion penton and aß; and aß; integrins, leading to internalization 
of the virion by clathrin-dependent endocytosis.!>!3 The levels of primary (CAR) and 
secondary (integrins) receptors present on the cell surface determine the efficiency 
with which the cell will be infected with adenovirus.'* After internalization, the acidic 
environment of the endosome leads to escape of the virion to the cytoplasm. Here 
the virion is trafficked by dynein along microtubules toward the nucleus.!> During 
translocation toward the nucleus, the virion undergoes sequential disassembly and the 
viral genome is ultimately imported to the nucleus through the nuclear pore complex. 
Viral DNA replication begins 6-8 h postinfection and it takes 24—36h for the virus to 
complete its life cycle.!® 

The viral genome is flanked by inverted terminal repeats (ITRs) of 90-140 bp that 
are required in cis for the replication of the viral genome.'7'® The ITRs are cova- 
lently bound by terminal protein.* In addition to the ITRs, the packaging signal (w) 
is also required in cis for proper folding and packaging of the viral genome into the 
capsid.!? The viral genome is divided into noncontiguous, overlapping early and late 
transcription regions: E1A, E1B, E2, E3, and F4 are early genes whereas L1 to L5 are 
late genes.”° The products of early genes as well as the replication of viral DNA are 
prerequisites for the expression of late genes.?! 

EIA, the first transcription unit to be expressed, produces two major proteins fol- 
lowing differential mRNA processing. These proteins are required for the transcrip- 
tional activation of other early genes (EIB, E2, E3, and E4) and also to induce an 
S-phase-like state in the infected cells.” The E1A proteins bind to retinoblastoma 
protein (pRb), allowing the release of E2F and ultimately forcing the infected cells to 
enter into S-phase.” Because of the crucial role of E1A in viral replication, E1A is 
often deleted in order to make the virus replication deficient. The two major products 
of the EIB transcription unit are involved in blocking host mRNA transport, promot- 
ing viral mRNA transport, and blocking El A-induced apoptosis to prevent premature 
death of the infected cells.2+7° The E1B product (E1B-55kDa) directly binds to the 
p53 protein to block E1 A-induced apoptosis. E1A and E1B are considered oncogenes 
as they have the ability, when used in combination, to transform human and rodent 
cells in vitro.?26:27 

The two transcription units in the E2 region encode proteins required for the replica- 
tion of viral DNA.”* E2a encodes the 72-kDa DNA-binding protein whereas E2b encodes 
the viral DNA polymerase and terminal protein precursor (pTP). The E3 region encodes 
at least seven proteins, most of which are involved in subversion of the host immune 
system to allow a more robust infection. For example, E3-gp19K blocks the presentation 


Ad Vector Rescue in Mammalian Cells 87 





of viral antigens by major histocompatibility complex (MHC) class I, thus preventing 
lysis of the infected cells by cytotoxic T lymphocytes.” The E3 region is nonessential for 
virus replication in vitro. At least six proteins are encoded by the E4 region. The products 
of the E4 region have diverse functions including facilitation of viral DNA replication, 
enhancement of late gene expression, and downregulation of host protein synthesis.?® 
This region can also play a role in promoting the transforming ability of E1A.?? 

All the late region genes (L1—L5) are expressed from a common promoter called major 
late promoter. The primary major late transcript undergoes alternative splicing to produce 
individual transcripts. The products of late genes are mainly structural in function.’ 


1.2 Adenovirus Vectors 


Different regions of the viral genome can be replaced with transgene(s) to generate 
mammalian gene transfer vectors. As described above, El A-encoded proteins are cru- 
cial for the expression of both early and late viral genes and hence for replication of the 
virus. Deletion of the E1A region not only makes the virus replication deficient but also 
increases the cloning capacity of the vector. The packageable viral genome is limited 
in length to 105% of the wild-type genome size; thus one can insert only up to 1.8 kb in 
the vector without deletion of any viral sequences.*? However, deletion of the E1 region 
allows insertion of transgenes up to 5.1 kb in size. Because E3-encoded proteins are 
nonessential for virus replication in vitro, the E3 region is often removed from Ad vec- 
tors. Deletion of E3 together with E1 can further increase the cloning capacity, accom- 
modating insertion of foreign genes up to 8.2 kb in size.*! Ad vectors deleted in E1, both 
with and without E3 deletion, are referred to as first-generation vectors.’ First-generation 
vectors are the most commonly used Ad vectors for the purpose of gene therapy. In this 
chapter we will focus on the construction of first-generation Ad vectors. 


2. Cell Lines for Propagating Adenovirus Vectors 


Human Ads can undergo productive replication only in cells of primate, pig, and 
cotton rat origin.” Adenovirus infection of nonpermissive cells (e.g., cells from 
mouse, hamster, or rat other than cotton rat) results in abortive replication or occa- 
sional transformation of the cells due to rare integration of viral E1 sequences into 
the cellular genome.’ Propagation of human Ad vectors is generally carried out in 
human cells that complement the E1 deletion in the vector. The first E1-complement- 
ing human cell line was developed by Graham and colleagues in their studies on 
E1-induced transformation.*’ In their landmark study, they used their novel technique 
of calcium phosphate coprecipitation to introduce sheared DNA from Ad5 into human 
embryonic kidney (HEK) cells.** The HEK cells transformed with sheared DNA from 
Ad5 were called HEK-293 cells. This cell line has been widely distributed since its 
isolation before 1980. According to the ISI Web of Science, the original paper describ- 
ing the isolation of this cell line?” has been cited nearly 3500 times. HEK-293 cells 
contain the “left end” of the Ad5 viral genome (1—4344 bp), including early region 
E1, integrated into chromosome 19.3? These cells have been extensively used for the 
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construction and propagation of El-deleted nonreplicating Ad vectors. Additionally, 
the HEK-293 cell line has been widely used for diverse transfection-related studies 
because of the high efficiency of transfection and high level of transgene expression. 
The high expression levels are thought to result from promiscuous activation of the 
transfected promoter by E1A; and blockage of apoptosis, induced to varying degrees 
by different transfection procedures, by E1B.*° Although HEK-293 cells were long 
considered to be kidney epithelial cells, evidence suggests that they may have been 
derived from a neural cell in the complex embryonic kidney cell culture.*! 

Several investigators have attempted to stably express E1 proteins in established 
human cancer cell lines such as A549, for the purpose of propagating El-deleted Ad 
vectors. However, limited success has been achieved with this strategy, partly because 
growth of established cells is not dependent on E1 expression and also because it 
is difficult to isolate El-expressing cells due to ElA-mediated toxicity. Although 
some encouraging data have been published in generating such cells, the use of these 
cells for construction and/or propagation of Ad vectors has been very limited.*?*3 An 
advantage of HEK-293 cells is that growth of the cells is dependent on the expression 
of El and hence constant levels of E1 expression are maintained over time. 

One difficulty of propagating Ad vectors is the potential for Ad sequences carried by 
the propagating cell line to recombine with residual E1 (or immediately downstream) 
sequences in the vector, regenerating a wild-type E1 region. This type of homologous 
recombination would give rise to replication-competent adenovirus (RCA)-contami- 
nated vector stocks, which would be especially problematic if the wild-type virus had 
a growth advantage over the recombinant vector. The PER.C6 cell line was specifi- 
cally established to avoid RCA contamination during the propagation of Ad vectors 
to produce clinical grade stocks.*” PER.C6 cells were derived from human embryonic 
retina cells by transforming with a minimal E1 region of Ad5. These are discussed 
in more detail in a later chapter of this book. Likewise, a system based on E1-trans- 
formed amniocyte-derived primary cells has been developed for rescue and propaga- 
tion of Ad vectors with no overlapping E1 sequences.“ In this chapter, we will focus 
on the construction and propagation of Ad vectors in HEK-293 cells. 


2.1 Propagation of Adenovirus Vectors Encoding Toxic 
Transgenes for Cancer Gene Therapy 


Cancer is a disease caused by the accumulation of many genetic mutations that allow 
the cells to undergo uncontrolled division. Unlike gene augmentation therapy where the 
goal is to restore a defective gene, the goal of many cancer gene therapies is to kill the 
cancer cells. One approach to killing cancer cells through gene therapy is by deliver- 
ing proapoptotic or toxic genes to cancer cells. High levels of transgene expression 
are usually desirable in the target cells; however, construction and propagation of Ad 
vectors encoding such genes are challenging as the transgene expression can induce 
toxicity in the packaging cells, reducing vector yield.*° In some cases the toxicity in 
packaging cells is so severe that the cells die after transfection with the vector DNA 
resulting in total failure to obtain the viral vector. In other cases the toxicity places a 
strong selective pressure on the resulting viral vector to reduce or completely eliminate 
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transgene activity. This selective pressure may give rise to revertants or to mutations 
within the transgene expression cassette leading to reduction or complete ablation of 
transgene expression. The replicative advantage of these revertant/mutant viruses over 
the desired vector would reduce the feasibility of large-scale vector production.*> 

Different approaches have been proposed to address this challenge. The most com- 
mon approaches involve differential regulation of transgene expression at the transcrip- 
tional level in the packaging and target cells (Figure 1). The use of tissue/tumor-specific 
promoters, such as the human telomerase (nTERT)*° promoter, prostate specific antigen 
(PSA)*’ promoter, and carcinoembryonic antigen (CEA)** promoter to control the 
transgene, is a common strategy for achieving high levels of transgene expression in 
target cells with minimal expression in the packaging cells (Figure 1(A)). In our lab we 
have previously shown that the upstream sequence of the mammoglobin gene, a gene 
that is expressed at high levels in breast cancer and at very low levels in nonmammary 
cells, could be used to target transgene expression to breast cancer cells.*° The use of 
tissue/tumor-specific promoters not only makes the construction and propagation of 
the vectors easier but also increases the cancer specificity and hence the overall safety 
of the vector. Moreover, in vivo in immune-competent animals, nonselective viral pro- 
moters such as the cytomegalovirus (CMV) immediate early promoter and the SV40 
promoter are prone to silencing by TNF-a and interferon-y; hence transgene expres- 
sion is not long-lasting.°°°? Studies comparing the duration of transgene expression 
driven by viral (CMV or SV40) promoters to that driven by cellular promoters have 
found that transgene expression lasts longer when driven by cellular promoters not 
only in the case of first generation Ad vectors but also in the case of helper-dependent 
Ad vectors, which are devoid of all viral coding sequences.*’ One drawback of this 
type of targeting is that tissue/tumor-specific eukaryotic promoters are usually inferior 
to viral promoters in terms of expression intensity.°* Incorporation of additional ele- 
ments could increase the expression intensity of the tissue/tumor-specific promoters. 
For instance, in our laboratory we have shown that addition of two enhancer elements 
upstream of the minimal mammoglobin promoter greatly increases the expression 
intensity of the promoter without compromising the tissue specificity.” Several other 
strategies have been used to improve the expression intensity of the tissue/tumor-spe- 
cific promoter, the discussion of which is beyond the scope of this chapter. Readers are 
encouraged to see an excellent review on this topic by Papadakis et al.°+ 

An alternative strategy to silence toxic transgenes during vector propagation is 
to insert a DNA sequence containing a strong transcription-terminating sequence 
between the promoter and the transgene (Figure 1(B)). The inserted sequence is 
flanked by loxP recognition sequences of the site-specific Cre recombinase. The pres- 
ence of the inserted sequence should completely block transgene expression in the 
packaging cells. For therapeutic use, coinfection of target cells with another Ad vec- 
tor encoding Cre causes excision of the /oxP-flanked sequence, inducing expression 
of the transgene. However, the requirement of an additional vector expressing the 
recombinase makes this system less suitable, especially for in vivo studies. 

A third strategy for the construction and propagation of vectors encoding toxic 
genes is through the use of exogenously regulated expression systems, which have 
the distinct advantage of allowing pharmacological control of transgene expression 


90 Adenoviral Vectors for Gene Therapy 





Packaging cell Target cell 


Tse Te__| 









P 
Translation 


ea 


Figure 1 Strategies for rescue of Ad vectors encoding toxic transgene(s). (A) Control of transgene 
expression by cell-specific regulation. Tissue/tumor-specific promoters can be used to achieve low 
levels of transgene expression in packaging cells and high levels in the target cell type. (B) Control 
of transgene expression by Cre—loxP-mediated regulation. An exogenous sequence, containing 
strong transcription termination sequence(s) and flanked by loxP sites in direct orientation, is 
inserted in between the promoter and the transgene open reading frame to inhibit transcription of 
the transgene in packaging cells. Coinfection of target cells with this vector and another Ad vector 
encoding Cre recombinase causes the excision of the exogenous sequence, allowing expression of 
the transgene. (C) Control of transgene expression using the Tet-OFF system to silence the trans- 
gene in packaging cells. In this system, the promoter is fused to a tetracycline response element 
(TRE) and a transactivator is encoded either by the same vector or by a different vector. Tetracy- 
cline (or an analog such as doxycycline) prevents the transactivator from binding to the TRE, and as 
a result, the transgene remains silent. Transgene expression is activated in target cells in the absence 
of doxycycline. (D) Control of transgene expression using lac repressor regulation. The lac opera- 
tor sequence, to which the lac repressor protein binds, is inserted in close proximity to the promoter 
driving transgene expression. Packaging cells are modified to express the /ac repressor protein 
which suppresses transgene expression. Absence of the /ac repressor protein in target cells allows 
expression of the transgene (see Section 2.1). (E) Control of transgene expression by RNA silencing. 
Packaging cells are modified to express an shRNA that targets the transgene transcript, preventing 
its expression. Absence of the shRNA in the target cells allows high-level expression of the 
transgene. (P, promoter; TSP, tissue/tumor-specific promoter; Tg, transgene; S, exogenous stuffer 
sequence with termination sequences; dox, doxycycline; TRE-P, tetracycline response element 
fused to promoter; lacO, lac operator sequence; LacR, lac repressor protein; TA, transactivator.) 
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both in vitro and in vivo” (Figure 1(C)). The tetracycline (tet) on/off system, based on 
the highly sensitive prokaryotic tetracycline resistance operon, is probably the most 
commonly used regulatable expression system. In this system, the transgene is placed 
under the control of a tet-response element (tet operator), and a transactivator (TA) is 
encoded either by the same vector or by a different vector. The TA is a fusion of a tet 
repressor with the activation domain of a transcription factor, such as VP16 from her- 
pes virus. This system requires constant administration of tetracycline analogs such 
as doxycycline to prevent TA binding to the response element, hence the switch is 
“off” (tet-OFF).5 Based on this system, Gu et al. constructed an adenoviral vector 
that carries the apoptotic Bax gene transcriptionally controlled by the tet-OFF transac- 
tivator protein, which is encoded by the same vector under the control of the hTERT 
promoter.’ Expression of Bax can be inhibited by the addition of doxycycline, which 
acts by inhibiting the transactivator protein. Although propagation requires continuous 
administration of doxycycline to silence the transgene, no drug is needed to induce 
Bax expression in clinical applications, which is an advantage. An alternative approach 
is to use the (tet-ON) system,>? in which a mutant “reverse” tet repressor binds to the 
response element and activates transgene transcription only in the presence of doxycy- 
cline (or other tetracycline analogs).°® Sipo et al. used the tet-ON system to construct 
and propagate an Ad vector encoding the apoptotic gene FasL in which the FasL gene 
was driven by the tet operator fused to the CMV promoter and the reverse TA was 
encoded by a different Ad vector.°? 

Another commonly used regulatable expression system makes use of the prokary- 
otic lac operon repressor protein that binds to the lac operator sequence and sup- 
presses gene expression (reviewed in Rubinchik et al.*°) (Figure 1(D)). In this system, 
operator binding sites are placed in close proximity to the promoter driving the trans- 
gene. Binding of the Jac repressor to the operator sequences prevents binding of RNA 
polymerase II to the promoter and hence represses transcription of the transgene. 
Packaging cell lines can be engineered to stably express the repressor protein, which 
would ensure that transgene expression is suppressed during virus production. How- 
ever, absence of the repressor protein in target cells allows high levels of transgene 
expression. Zhao et al. used this system to obtain high titers of an Ad vector encoding 
the cytolytic HIV-1 env protein.® Matthews et al. used a related system to construct 
and propagate an adenoviral vector that encodes the rabies virus glycoprotein follow- 
ing unsuccessful attempts using standard HEK-293 cells to rescue the virus.°! 

Posttranscriptional gene silencing using HEK-293 cells stably transfected with 
shRNA against the transgene has also been used to grow adenoviral vectors to high 
titer (Figure 1(E)). Wang et al. used this strategy to produce a vector encoding hIcon, 
an antiangiogenic protein. Interestingly, although hIcon is not directly toxic to cells, 
the authors suggest that transgene silencing reduced nutrient consumption during 
vector propagation, thus allowing higher virus yields.6? Alternatively, packaging cells 
stably expressing antiapoptotic genes have been shown to increase yields of vectors 
encoding apoptotic genes. Bruden et al. found that stable expression of the antia- 
poptotic gene CrmA, encoding a poxvirus serpin, in El-complementing packaging 
cells such as HEK-293 or AE25, dramatically increased the yield of adenoviral vec- 
tors encoding apoptotic genes such as Fas ligand, Fas-associated protein with death 
domain, caspase-8, or Fas/APO1.°° 
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3. Construction of First-Generation Adenoviral Vectors 
3.1 Early Methods 


In 1973, Graham and colleagues showed that purified DNA from Ad5 and also from simian 
virus 40, when coprecipitated with calcium phosphate, can be taken up by human cells, 
resulting in the production of infectious virus particles.** This observation that purified 
viral DNA could be infectious laid the foundation for the studies manipulating the Ad 
genome for the construction of recombinant Ad vectors. Early methods of modified Ad 
construction mainly used two approaches: (1) in vitro ligation of viral DNA following 
cleavage with restriction enzymes and (2) homologous recombination between viral 
DNAs in cotransfected cells.© For the first of these approaches, Stow devised a tech- 
nique that employed in vitro ligation between purified virion DNA and plasmid DNA 
containing the left end of the Ad genome.®’ The E1 shuttle plasmid and purified viral 
DNA (from the Ad5 mutant d1309 that has a unique Xbal site in the E1 region®*) were 
both digested with Xbal and then ligated together in vitro. The ligation product was then 
used to transfect HEK-293 cells, which resulted in the production of recombinant Ad 
virions.°’ This study elegantly showed that infectious virus could be reconstructed using 
a cloned subgenomic Ad sequence to shuttle precise E1 modifications into recombinant 
virus. However, due to the location of the Xbal site, most of the E1 region is retained in 
the recombinant, and few other unique restrictions sites are available in the Ad genome, 
so this strategy is not ideal for construction of gene therapy vectors. 

At about the same time, Kapoor and Chinnadurai developed a system to rescue 
mutations into the Ad E1 region by in vivo homologous recombination between the 
“left” end Ad sequences cloned into a plasmid and purified Ad virion DNA.” This “left 
end” shuttle plasmid could be easily manipulated in vitro to incorporate the desired 
mutations in E1. The overlapping sequence in the shuttle plasmid and the cotrans- 
fected viral DNA allowed homologous recombination to take place in HEK-293 cells, 
resulting in the generation of recombinant virions with alterations in E1. This system 
obviates the need for unique restriction enzyme sites since it does not involve ligation 
of two DNA molecules. However, the viral DNA must be cleaved in the left end before 
cotransfection in order to reduce contamination with nonrecombinant parental virus. 
The most commonly used sites for cleaving the viral DNA are the unique XbaI in Ad5 
d1309 mutant and the unique Clal site in the wild-type Ad5. Despite cleaving the viral 
DNA with these enzymes, contamination with the parental virus remains an issue. 
Both the Xbal and the Clal sites are located at the very left end of the genome; hence 
there is a very small size difference between undigested viral DNA and viral DNA 
digested with XbaI or Clal. Because of the small size difference it is difficult, using 
agarose gel electrophoresis, to confirm whether the digestion is complete. The undi- 
gested parental DNA generates virus more efficiently than the DNAs, which require 
recombination. In addition, the small fragment produced by Xbal or Clal digestion 
can potentially be carried over during the transfection and the fragments may religate 
in the cell to generate wild-type or parental virus. This could potentially be another 
source of nonrecombinant virus contamination. ”®7! 

Later, Mizuguchi and Kay proposed an alternate strategy to replace E1 sequences 
in the Ad genome with transgene expression cassettes.’? Plasmids were constructed 
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containing the entire viral genome with and without the E3 region and with three unique 
restriction enzyme sites (I-Ceul, Swal, and PI-Scel) in place of El. Transgene expres- 
sion cassettes, flanked by an I-Ceul site at one end and a PI-Scel site at the other, were 
ligated to the genomic plasmid following digestion with these two restriction enzymes. 
Ligation in the presence of Swal reduces the recovery of nonrecombinant parental plas- 
mids. The modified genomic plasmid is then linearized to release viral sequences, and 
used to transfect HEK-293 cells to produce recombinant virus. This strategy addresses 
both the problems associated with lack of unique restriction enzyme sites in the viral 
genome and the problem associated with high levels of wild-type or parental virus 
contamination.’2 However, construction of each vector involves manipulation, cloning, 
and scale-up of separate plasmids >30kb in size, which can be difficult in some cases. 

These methods for the construction of recombinant Ads rely on the use of the viral 
genome either alone or in combination with a shuttle plasmid. However, the large viral 
DNA genome is not only time-consuming and laborious to isolate and purify, but also 
difficult to manipulate genetically. Some of these approaches can also lead to high 
levels of contamination with the nonrecombinant parental virus. It is not uncommon 
for the parental virus to outgrow the recombinant virus, making the rescue of the 
recombinant vectors further problematic. Given the potential of Ad vectors to be used 
in gene therapy and other purposes, an efficient method for the construction of Ad 
vectors with minimal wild-type or parental contamination was needed. 


3.2 The Two-Plasmid Rescue System 


McGrory et al. (1984) developed a two-plasmid rescue system to overcome the lim- 
itations faced by the earlier approaches of Ad vector construction.” The two-plasmid 
rescue system is based on the ability of two plasmids to undergo recombination in 
mammalian cells. The two-plasmid rescue system has gone through many modifica- 
tions, including the switch from homologous recombination strategy to a site-specific 
recombination strategy, to make the method more efficient and to reduce wild-type 
or parental virus contamination. In addition to the two-plasmid rescue system, other 
methods have been developed for efficient construction of Ad vectors using bacterial 
systems or in vitro ligation, which are discussed in other chapters in this book. The 
remainder of this chapter will focus on the two-plasmid rescue system and modifica- 
tions in this method for high-efficiency Ad vector construction. 


3.2.1 Development of the Two-Plasmid Rescue System 


A study by Berkner and Sharp in 1983 demonstrated that recombinant Ads could be 
produced in cotransfected HEK-293 cells by homologous recombination between 
cloned fragments of viral DNA.”* Rescue of infectious Ads was dependent on cleav- 
age of at least one of the plasmids at the junction of the ITR and the plasmid DNA, 
releasing the ITR. Unlike earlier methods that used purified virion DNA for the con- 
struction of Ad recombinants, this method used only noninfectious plasmids, thus 
avoiding the need to isolate virion DNA. Furthermore, since full-length viral DNA 
was not used, nonrecombinant parental virus could not be generated, which was a 
major problem with the earlier methods. 
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The linear genome of Ad is thought to replicate in a semiconservative manner, with 
replication starting at either end of the genome. However, Ruben et al. (1983) showed 
that up to 10% of Ad DNA molecules in an infected cell are joined head-to-tail due, 
at least in part, to the formation of covalently closed circles.’> In purified virus stocks, 
viral DNA does not exist in a circular form, but circular viral DNA can be detected 
intracellularly before the onset of viral DNA replication.”> This finding suggested that 
the full-length viral genome could be cloned and maintained as a bacterial plasmid. 
Subsequently, in 1984 Graham cloned the entire Ad5 genome as a plasmid (pFG140) 
with plasmid sequences containing the B-lactamase gene and a bacterial origin of rep- 
lication inserted at the XbaI site at nt 1339.76 This Ad genomic plasmid could be 
amplified in Escherichia coli in the presence of ampicillin. Moreover, this plasmid 
was shown to be nearly as efficient as purified virion DNA in generating infectious 
virus following transfection into HEK-293 cells. 

Another important finding, made in 1987 by Ghosh-Choudhury et al., was the dis- 
covery that protein IX (pIX) is essential for the generation of infectious virus.” They 
constructed an Ad5 genomic plasmid that was similar to pFG140 except that it had 
a deletion of the gene encoding protein IX. Unlike pFG140, this plasmid was nonin- 
fectious. To confirm the essential nature of pIX, they cotransfected HEK-293 cells 
with the pIX-deleted genomic plasmid and a plasmid encoding the left end of the Ad 
genome, including the pIX gene. All viruses recovered from the cotransfection carried 
the pIX gene as a result of homologous recombination between the two plasmids. 
Later studies determined that pIX plays important roles in packaging of full-length 
viral genome and also in the stability of the viral icosahedrons.’7-78 

These findings laid the foundation for the development of the first two-plasmid 
rescue system by McGrory et al. for the construction of Ad vectors in which a trans- 
gene expression cassette replaces the E1 region.” In this study, the authors inserted 
a sequence into pFG140 to increase its size to 40 kb, which is beyond the packaging 
capacity of Ad. The resulting plasmid, pJM17, was noninfectious, but could serve as 
a template for replication in HEK-293 cells. For the second component of the sys- 
tem, they constructed a shuttle plasmid containing the left end of Ad5 with foreign 
DNA of up to 5.4kb in place of E1. Infectious recombinant Ad vectors bearing the 
foreign DNA sequence were generated following cotransfection of HEK-293 cells 
with pJM17 and the shuttle plasmid. Since both plasmids are noninfectious, in prin- 
ciple, only recombinant E1-substituted vectors should be generated, resulting from 
in vivo homologous recombination between the overlapping Ad sequences in the 
genomic and the shuttle plasmids. This system was highly successful as it was able 
to overcome some of the limitations associated with the earlier methods of Ad vector 
construction, such as ease of transgene insertion and significant contamination with 
parental virus. However, the pJM17 genomic plasmid was able to generate a low 
level of infectious virus in HEK-293 cells even in the absence of a cotransfected 
shuttle plasmid. Infectivity of pJM17 was discovered to be due to the spontaneous 
deletion of sequences from the plasmid backbone resulting in reduction in size of 
the genomic plasmid to within the packaging constraints of Ad.’ This posed the risk 
of parental virus contamination in recombinant virus preparations; hence modifica- 
tion of this method was needed. 
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In 1994, Bett et al. modified the two-plasmid rescue method by constructing an 
improved genomic Ad plasmid, pBHG10.”? Like pJM17, pBHG10 contains essen- 
tially the entire Ad5 genome with some important modifications. First, it has a dele- 
tion of 3180 bp in the E1 region, removing E1A and the packaging signal () required 
for packaging the viral genome into the capsid. Removal of the wy sequence renders 
the plasmid noninfectious. The second modification was the deletion of ~2.7 kb from 
the nonessential E3 region and addition of a PacI restriction enzyme site in its place. 
Shuttle plasmids bearing the left end of viral DNA, including the ITR and packaging 
signal but with a deletion in E1 from 339 to 3533 bp, were also constructed. A linker 
containing multiple cloning sites (MCPs) was introduced in the shuttle plasmids in 
place of E1 to allow easy insertion of a transgene. This modified system introduced 
two improvements in the two-plasmid system developed by McGrory et al.” First, 
the combined E1 and E3 deletions in this system increased the cloning capacity of 
the resulting recombinant vectors to allow insertion of up to ~8kb of foreign DNA. 
Second, one can insert foreign DNA into either the E1 or the E3 region using this 
system. Insertion of a transgene into the E3 region is facilitated by the unique Pacl 
site in the large pBHG1O plasmid. Insertion can be expedited by using the kanamy- 
cin-resistant pABS.4 plasmid (Microbix Biosystem Inc., Mississauga, ON, Canada). 
This plasmid contains a Swal-flanked kanamycin resistance gene within a MCS 
flanked by Pacl sites. For E3 insertions, the transgene is first cloned into the MCS of 
pABS.4. The resulting plasmid is then digested with PacI and the fragment bearing 
the transgene and the kanamycin resistance gene is then inserted into the Pacl site in 
pBHG1O0. The resulting large plasmid is then used to transform E. coli and positive 
clones bearing the E3 insertion are selected based on their resistance to both ampicillin 
and kanamycin. Finally, prior to cotransfection for vector construction, the kanamy- 
cin resistance gene is removed from the genomic plasmid by digestion with Swal. 
The increased cloning capacity and versatility of the method as well as the absence 
of parental virus contamination made this version of the two-plasmid rescue system 
very popular for the construction of nonreplicating Ad vectors. Like other Ad vector 
rescue systems developed by that time, the efficiency of vector rescue was fairly low, 
typically requiring cotransfection of 12 to 30 60-mm dishes to ensure rescue of around 
10 independent isolates of the recombinant vector. 


3.2.2 Fine-Tuning of the Two-Plasmid Rescue System 


A possible explanation for the low efficiency of vector rescue by the two-plasmid 
system developed by McGrory et al. is that homologous recombination frequencies 
are simply not high enough. The observation that the infectious plasmid pFG140 has 
a plaque-forming efficiency ~100-fold higher than that of a typical cotransfection 
for vector rescue supports this hypothesis. Ng et al.8° proposed that recombination 
mediated by the site-specific Cre recombination system would be more efficient than 
homologous recombination for the rescue of recombinant Ad vectors. Therefore, 
they inserted loxP sites into pBHG1O upstream of the pIX gene and into the shut- 
tle plasmid after the transgene expression cassette. Cotransfection of Cre-expressing 
HEK-293 cells with these two /oxP-containing plasmids allowed vector rescue with 
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an efficiency ~30-fold higher than that mediated by homologous recombination. The 
efficiency of virus rescue was increased even further by replacement of the single 
ITR with two ITRs fused head-to-head (referred to here as an ITR junction) in the 
shuttle plasmid. Several reasons were proposed to explain the observed enhancement 
in virus rescue by replacing a single ITR with an ITR junction in the shuttle plasmid. 
First, in contrast to plasmids with a single ITR, plasmids containing an ITR junction 
should increase in copy number following cotransfection of this shuttle plasmid and 
the Ad genomic plasmid. The ITR junction can serve as an origin of viral DNA rep- 
lication,’® with the Ad genomic plasmid providing all the trans-acting viral factors 
essential for viral DNA replication. Recognition of ITR junction-containing plasmids 
as templates for the viral replication machinery results in production and amplification 
of linear shuttle plasmid DNA flanked by the ITRs. Since both the genomic plasmid 
and the shuttle plasmid contain ITR junctions, both should increase in copy number in 
cotransfected HEK293 cells. This increase in the pool of substrates for recombination 
should enhance the rescue of recombinant virus. Second, the replicating linear shut- 
tle DNA might serve as a better substrate for recombination with linear Ad genomic 
DNA than the nonreplicating circular shuttle DNA. Third, recombination between a 
linear shuttle DNA and the Ad genomic DNA should generate a packageable, infec- 
tious genome in a single step. In contrast, generation of a packageable genome from 
a circular shuttle plasmid and a linear genomic DNA is likely a two-step process. In 
the first step the circular plasmid integrates into the linear genomic DNA at the loxP 
site. However, this is nonpackageable because the packaging signal (from the shuttle 
plasmid) in the recombinant DNA is far from the terminus of the molecule. Also the 
size of this DNA molecule exceeds the virion packaging limit. Generation of infec- 
tious DNA would require additional step(s) to eliminate extraneous sequences from 
the recombinant molecule. Together, the replacement of homologous recombination 
with Cre-mediated recombination and the replacement of a single ITR with an ITR 
junction in the shuttle plasmid increased the efficiency of virus rescue by ~100-fold 
compared to the efficiency of the earlier two-plasmid systems.’?.’? 

This two-plasmid system developed by Ng et al.8° improved the efficiency of virus 
rescue but virus could be rescued only in HEK-293, or other El-complementing cells, 
that also express Cre. Therefore, to improve the utility of the system, a Cre expression 
cassette was inserted into the genomic plasmid within the plasmid backbone so that 
the Cre cassette is not incorporated in the final recombinant vector. This insertion 
eliminates the requirement for Cre-expressing cells for virus rescue. The efficiency 
of virus rescue obtained using this Cre-expressing genomic plasmid in parental HEK- 
293 cells was found to be comparable to that obtained using the previous generation 
of Ad genomic plasmid in Cre-expressing HEK-293 cells.®! 

The Cre/loxP-mediated recombination system for the generation of the Ad vectors 
(Figure 2) elegantly addressed most of the limitations of previously developed rescue 
systems. Although suitable for rescue of most Ad vectors, this system precludes the use 
of loxP sites anywhere else in the genome, for example, for the purpose of regulating 
transgene expression? or inhibiting vector packaging.*’ To circumvent this problem, 
Ng et al. designed an alternate site-directed recombination system based on the yeast 
flippase (FLP) recombinase.** The yeast FLP-recombinase expression cassette replaced 
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pBHGloxAE1,3Cre 
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ITR Ų Transgene loxP ITR 


AE1 AE3 
Figure 2 Two-plasmid rescue system for the construction of Ad vectors. The genomic plas- 
mid used in this system contains most of the Ad5 genome, flanked at the “left” end by a loxP 
site and at the “right” end by two ITR sequences fused head-to-head. The plasmid backbone of 
the genomic plasmid contains a Cre recombinase expression cassette. The shuttle plasmid used 
in this system contains a transgene expression cassette flanked at the “left” end by two fused 
ITR sequences and a packaging signal, and at the “right” end by a loxP site. Cotransfection of 
HEK-293 cells with the two plasmids generates recombinant vectors following loxP-specific 
recombination mediated by the Cre recombinase. (ITR, inverted terminal repeat; HCMV-IE, 
human cytomegalovirus immediate early promoter; Amp’, gene conferring ampicillin resis- 
tance; Pacl, restriction site for insertions replacing the E3 region; y, packaging signal.) 


the Cre expression cassette in the genomic plasmid, and frt sites replaced the loxP sites 
in the shuttle and genomic plasmids. No significant difference was observed in the effi- 
ciency of virus rescue between the Cre-mediated and the FLP-mediated recombination 
systems. 


4. Steps Involved in Adenovirus Vector Construction 


Here we will describe the steps involved in Ad vector construction using the Cre/loxP- 
based two-plasmid rescue system developed by Ng et al.8! Typically, a foreign expres- 
sion cassette is inserted in the shuttle plasmid for rescue in the E1 region of the vector. 
For E3 insertions, the expression cassette is cloned directly, or via the pABS.4 trans- 
fer plasmid, into the larger (genomic) plasmid. Foreign expression cassette(s) can be 
inserted into the E1 and/or E3 regions in either parallel or antiparallel orientation rel- 
ative to the E1 or E3 transcription units. Generally, a higher level of gene expression 
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Insert transgene expression cassette 
in the shuttle plasmid 
Purify the shuttle and genomic plasmid 
for co-transfection 





Co-transfect HEK-293 cells 


Rescue recombinant virus 


Analyse the vectors by restriction digestion 
Plaque purify the rescued virus 





Prepare high titer crude virus from 
infected plates 


Purify the virus by CsCl banding 





Titer the virus and examine for the 
presence of RCA 


Figure 3 Flowchart for steps involved in the construction, propagation, purification, and 
characterization of first-generation Ad vectors. 


is achieved when the transgenes are in parallel orientation to the viral transcription 
units they replace; however, the overall expression levels also depend on the type of 
promoter and sequence of the insert itself.*! The following sections describe methods 
to rescue, purify, and titer the recombinant Ad vectors (Figure 3). 


4.1 Preparation of Adenovirus Genomic and Shuttle 
Plasmid DNA for Cotransfection 


Based on the size of transgene and desired application of the vector to be generated, the 
genomic plasmid can be selected from a variety of plasmids available from Microbix 
Biosystem Inc. (Mississauga, ON, Canada). The genomic plasmids pBHGloxAE1Cre 
and pBHGfrtAE1FLP (formerly designated as pBHGloxE3Cre and pBHGfrtE3FLP) 
retain an intact E3 region, and thus have a reduced cloning capacity compared to 
the E3-deleted plasmids. Foreign expression cassettes of up to 5kb can be rescued 
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into vectors using these plasmids owing to the size constraints of Ad. Genomic plas- 
mids (pBHGIoxAE1,3Cre and pBHGfrtAE1,3FLP) have deletions of 2653 bp in the 
E3 region, allowing the rescue of up to 8kb foreign sequence in the vector. Although 
these plasmids offer the highest cloning capacity, the vectors generated from them 
have slightly reduced growth (around twofold) compared to vectors that retain more 
of the E3 region.*! The unique Pacl site, as in the original pBHG10-based system, can 
be used to insert a transgene cassette in the E3-deleted region of pPRBHGIoxAE]1,3Cre 
or pBHGfrtAE1,3FLP if the transgene is desired in the E3 region of the recombinant 
vector. The desired genomic plasmid is amplified in E. coli and purified for cotrans- 
fection. High-speed plasmid purification kits (e.g., from Qiagen) may be adequate for 
small quantities of plasmid DNA; however, for large quantities of genomic plasmid 
DNA, CsCl gradient purification procedures may be preferable. 

Shuttle plasmids for the construction of Ad vectors based on Cre- or FLP-mediated 
recombination are available from Microbix Biosystem Inc. The E1 insertion plasmids 
pDC311 and pDC312 allow rescue of transgene cassettes into the vector via Cre- 
mediated recombination; pDC511 and pDC512 allow vector rescue via FLP-mediated 
recombination. The transgene cassette, including promoter, transgene, and polyade- 
nylation (poly(A)) signal, is inserted into the pUC-based shuttle plasmid at the MCS. 
To further simplify cloning, shuttle plasmids are available that contain the immediate 
early promoter of murine cytomegalovirus (MCMV) and the poly(A) sequence from 
SV40. The MCMV promoter drives high-level expression in most cell types of both 
human and murine origin, in contrast to the HCMV promoter that is less active in 
murine tissues.*° pDC315 and pDC316 are based on the Cre recombination system, and 
pDCS515 and pDC516 are based on the FLP recombination system. The choice of shuttle 
plasmid depends on which MCS orientation is most convenient for transgene insertion, 
which site-specific recombination system is desired for vector rescue, and whether high 
levels of transgene expression are required for the intended application. Prior to use in 
cotransfections, the shuttle plasmid containing the transgene cassette should be ampli- 
fied in E. coli and purified using standard plasmid purification kits (e.g., from Qiagen). 


4.2 Cotransfection of HEK-293 Cells with Genomic and 
Shuttle Plasmid 


Cotransfection of HEK-293 cells with the two plasmids gives rise to recombinant Ad 
that are observed as plaques on the cell monolayer. Individual plaques are then iso- 
lated for expansion of the vector; therefore it is desirable to have plaques that are well 
separated from each other. The number of plaques formed depends on many factors, 
including the transfection efficiency, state of cells, quality of plasmid DNA, and the 
amount of plasmid DNA used. In the Cre- or FLP-mediated recombination system, an 
average of ~40 plaques are formed per 60-mm dish of HEK-293 cells transfected with 
2 ug of shuttle plasmid and 2 ug of genomic plasmid. The infectious Ad genomic plas- 
mid pFG140 can be used as a control for transfection efficiency and plaque formation. 
Under optimal conditions, pFG140 should yield up to ~100 plaques per 0.5 wg DNA. It 
is a good practice to transfect with a range of plasmid concentrations to obtain a high 
number of plaques without risk of cross-contamination between the plaques. 
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To prepare for cotransfection, low passage (<p40) HEK-293 cells are grown in 60-mm 
dishes using complete MEMFI11 supplemented with 10% FBS. Cultures at ~70-80% 
confluency are best for cotransfection. In general, a nearly confluent 150-mm dish of 
HEK-293 cells can be split into eight 60-mm dishes, which would be ready for transfec- 
tion the next day. For the construction of one recombinant vector, generally 16 cultures 
in 60-mm dishes are prepared which are enough to perform the cotransfections in qua- 
druplicate using three different concentrations of experimental plasmids and one concen- 
tration of pFG140. The next day, 1h prior to cotransfection, the medium in each of the 
60-mm dishes is replaced with freshly prepared medium. To prepare the DNA, 0.08 mg 
salmon sperm DNA, used as carrier DNA, is added to 8ml of HEPES-buffered saline 
and then vortexed for 1 min to shear the DNA. The sheared salmon sperm is divided 
among four polystyrene tubes labeled A, B, C, and D. Each of these tubes is sufficient 
for cotransfection of four dishes of HEK-293 cells. To tubes A, B, and C, add 2, 8, and 
20 ug, respectively, of both shuttle and genomic plasmids. To the control tube D add 2 ug 
of the infectious plasmid pFG140. The tubes are mixed well, and then 0.1 ml 2.5 M CaCl, 
is added to each tube dropwise with gentle mixing. Finally, 0.5 ml of the resulting sus- 
pension from each tube is added dropwise to the medium in separate 60-mm dishes (four 
dishes per tube). One day later, the medium is replaced with an agarose overlay (0.5% 
in MEMF11). Plaques (round turbid areas in the transparent monolayer) are generally 
visible within a week post cotransfection, and can be isolated between day 10 and day 
14. Well-isolated plaques are collected by repeated stabs through the agarose at the site 
of the plaque using a sterile cotton-plugged Pasteur pipette or a 1 ml pipet tip. The aga- 
rose pieces from each plaque isolate are transferred to a vial containing 0.5 ml phosphate 
buffered saline (PBS) supplemented with Mg’ and Ca?+ (PBS++) and 10% glycerol and 
then stored at —80°C. Isolation of 5 to 20 plaques for further analysis is recommended. 


4.3 Analysis of the Rescued Recombinant Adenovirus Vectors 


The vector isolates obtained by picking plaques are amplified in HEK-293 cells to ver- 
ify recombinants by analysis of viral DNA and to generate seed stocks for subsequent 
vector production. Briefly, HEK-293 cells are grown to near confluence in 60-mm 
dishes. (Note: It takes a longer time for complete cytopathic effect (CPE) to appear if 
the cells are too confluent or older.) The virus plaque suspensions are freeze—thawed 
three times, and then half of each suspension is used to infect separate 60-mm dishes 
of cells. The reader is discouraged from amplifying pFG140-based virus at the same 
time as nonreplicating vectors due to the risk of cross-contamination and potential 
growth advantage of pFG140-based virus. Cultures are incubated until most of the 
cells are rounded up and detached from the dish (complete CPE). Semiadherent cells 
are collected by gentle pipetting and combined with nonadherent cells. (Note: If infec- 
tions are harvested too soon, it will be difficult to observe vector DNA bands above 
the background of cellular DNA when the DNA is analyzed by gel electrophoresis.) 
Approximately 3.5 ml of cell suspension from each dish is transferred to a vial con- 
taining 0.5 ml sterile glycerol and stored at —80 °C for use as a vector seed stock. The 
remaining 1.5 ml of cell suspension is centrifuged briefly in a microfuge tube to pellet 
the cells. The supernatant is aspirated, leaving behind 0.1 ml in each tube to aid in 
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resuspending the pellet. A solution of Pronase—sodium dodecyl] sulfate (SDS) is added 
to the infected cells, and viral and cellular proteins are degraded by overnight diges- 
tion. Viral DNA is purified from the lysate by ethanol precipitation and resuspended 
in 50 pl buffer. 

For the analysis of viral DNA, 5 ul of the DNA from the infected cells is digested 
with HindIII and then the resulting fragments are separated by agarose gel electropho- 
resis and stained with ethidium bromide. Viral DNA bands should be clearly visible 
under UV light, above a background smear of cellular DNA. HindIII digested wild- 
type Ad DNA can be run alongside that of the recombinant vector for the purpose of 
comparison. It should be noted that HindIII digestion of human DNA produces a band 
at 1.8kb. To further verify the candidate recombinant Ad vector, the extracted DNA 
can be digested with other restriction enzymes and analyzed by agarose gel electropho- 
resis. When using the AdMax kit (Microbix Biosystem Inc.), virtually all the plaques 
obtained should be correct. However, it is good laboratory practice to carry out at least 
one round of plaque purification to ensure that all the recombinants in a high-titer vector 
stock have the same genome, having descended from a single infectious virus particle. 


4.4 Plaque Purification of Recombinant Adenovirus Vector 


Plaque assays are commonly used both to purify and to determine the titer of adeno- 
virus vectors. In both cases, confluent HEK-293 cells in 60-mm dishes are infected 
with virus stock serially diluted in PBS++, at a range of 107? to 10%% for partially 
purified virus or 1075 to 10-!° for highly purified and concentrated virus. An agarose 
overlay is applied to the cell monolayer after infecting the monolayer with the virus. 
The agarose overlay immobilizes viruses and prevents cross-contamination among 
plaques. Plaques should be visible by day 4 postinfection. At day 10 postinfection, 
well-isolated plaques are collected and correct recombinants verified by DNA analysis 
as described in Section 4.3. 


4.5 Preparation of High-Titer Virus Stock (Crude Lysate) 


High-titer Ad virus stocks can be prepared by concentrating infected HEK-293 cells as 
the virus is not released from the cells until very late in infection when the cell lyses. 
For preparing high-titer stocks, cells can be infected either in monolayer (HEK-293) 
or suspension culture (HEK-293N3S). Suspension culture is more amenable for large- 
scale vector production, due to the ease of infected cell collection. However, complete 
CPE, used frequently to determine the appropriate time to harvest the infected cells, is 
easier to visualize in monolayer cultures. In this section, we will describe the protocol 
for achieving high-titer virus stock from both monolayer and suspension cultures. 


4.5.1 Preparation of High-Titer Crude Virus Stocks from 
Monolayer Culture 


It is desirable to infect the cells at a multiplicity of infection (MOI) of 1—10 pfu/cell. 
However, as a close approximation, we generally dilute an infected cell lysate (such 
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as that generated in Section 4.3) 1:8 in PBS++ and use 1 ml to infect each of eight 
150-mm dishes of near confluent HEK-293 cells. Cultures should be examined every 
day for the appearance of CPE. When most of the cells are rounded up (but not all 
detached), scrape the adherent cells and combine with the cells in suspension. Pellet 
the infected cells, and combine pellets from all eight plates, resuspending in 8 ml of 
PBS++ with 10% glycerol. Aliquot and store at —80 °C. Perform three freeze-thaw 
cycles to release the virus prior to use for infection or further amplification. To purify 
virus by CsCl banding (see Section 4.6 below), this crude lysate should be used for 
one further round of amplification in forty 150-mm dishes, and the final infected cell 
pellet resuspended in 15 ml 0.1 M Tris, pH 8, and stored at —80 °C. 


4.5.2 Preparation of High-Titer Crude Virus Stocks from 
Suspension Culture 


Suspension cultures of HEK-293N3S,°*° a derivative of HEK-293 cells, can be used 
for large-scale preparation of Ad vectors. HEK-293N3S cells are most conveniently 
maintained as a semiadherent monolayer culture until expansion is desired. Three 
150-mm dishes of nearly confluent HEK-293N3S cells are sufficient to establish a 
500-ml suspension culture in Joklik’s modified MEM supplemented with 10% horse 
serum. This suspension culture can be expanded by diluting 1:2 or 1:3 when the 
cell density reaches ~5 x 10° cells/ml. A 41 culture is generally sufficient to prepare 
enough vector for CsCl gradient purification. To infect HEK-293N3S cells, the culture 
is centrifuged and resuspended in 0.1 vol of fresh medium, and then inoculated with 
virus (MOI of 1-20 pfu/cell). After gentle stirring for 1h, the culture is brought to its 
original volume with fresh medium and incubation continued. Unlike infections in 
monolayer cultures, CPE in infected suspension cultures cannot be simply visualized 
under a microscope. In order to determine the optimal time for harvesting the infected 
cells, a small sample is taken from the suspension culture daily and examined for the 
presence of inclusion bodies by orcein staining. Late in infection, inclusion bodies 
appear as densely stained nuclear structures that result from the accumulation of a 
large amount of viral products. Uninfected cells should be used as a negative control 
for staining. When the inclusion bodies are visible in 80-90% cells (usually at day 3, 
depending on the MOI used), cells are harvested by centrifugation and resuspended in 
20 ml PBS++ supplemented with 10% glycerol and stored at —80°C. For purification 
by CsCl banding, the final infected cell pellet should be resuspended in 15 ml 0.1M 
Tris, pH 8, and stored at —80 °C. 


4.6 Purification of High-Titer Adenovirus Vector by CsCl Banding 


CsCl gradient purification is commonly used to purify and to concentrate adenovirus. 
Although crude virus stocks can be used for some in vitro experiments, the virus 
must be purified for other experiments, particularly in vivo work. The CsCl banding 
described here can be used for the purification of crude lysate from a 41 suspen- 
sion culture (HEK-293N3S) or thirty to forty 150-mm dishes of monolayer cultures 
(HEK-293), which have similar virus yields. Infection and collection of crude lysates 
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from suspension and monolayer cultures are described in Section 4.5. The infected 
cell lysate is subjected to three freeze-thaw cycles, and then sodium deoxycholate 
is added to a final concentration of 3.75%. After 30min at room temperature, the 
solution should be highly viscous, and all virus particles should be released from 
the cells. The lysate is digested with DNase I to reduce viscosity, and then clarified 
by centrifugation. The supernatant is carefully layered over a three-stage CsCl step 
gradient prepared by layering CsCl solutions at densities of 1.25d and 1.35d (each 
at about half the volume of the lysate) over a 1.5d cushion of CsCl solution. Spin 
at 20,000g for 1h. Collect the virus band at the interface between 1.35d and 1.25d, 
pool all tubes from the same virus preparation, and recentrifuge overnight. The virus, 
visible as a turbid band, should be collected in the smallest possible volume and then 
dialyzed against 10mM Tris, pH 8, or desalted by column chromatography (e.g., 
PD-10) and glycerol added to a final concentration of 10%. Depending on the appli- 
cation, other storage buffers may also be appropriate.’’ Store the purified virus in 
small aliquots at —80 °C. 


4.7 Characterization of Adenovirus Vectors 


After preparation of the viral vector, the DNA structure should be confirmed, the titer 
of virus particles and infectious units should be determined, transgene expression 
should be ascertained, and the stock must be tested for the presence of RCA. 

The identity of the recombinant vector can be verified by restriction enzyme analy- 
sis as described in Section 4.3, using 0.025 ml purified virus as starting material instead 
of infected cells. The vector preparation can be titrated using the classical plaque assay 
or using commercially available kits. For titration, plaque assays (described in Section 
4.4) should be carried out with a broad range of virus dilutions (10~+ to 10710). Plaques 
are usually counted 10 days postinfection. Alternatively, virus titers can be determined 
using the Adeno-X™ rapid titer kit (Clontech, Cat. No. 632250), which detects the 
viral hexon protein within infected cells. This assay has the advantage of being signifi- 
cantly faster (~48 h) than the plaque assay (~10 days). Determination of viral particle 
concentration and the test for RCA are described below. 


4.7.1 Determination of Particles to Plaque-Forming Units Ratio 


In addition to determining the concentration of infectious vector (pfu/ml), it is nec- 
essary to determine the concentration of virus particles, including noninfectious par- 
ticles, especially if the vector is to be used in humans. In fact, the FDA recommends 
that patient doses be calculated on the basis of virus particles rather than the infectious 
particles.8° This recommendation is based on two important facts. First, the determination 
of virus particle is based on physical measurement, and hence is more precise than 
the determination of infectious particles. Second, a primary toxicity of Ad vectors is 
from the innate immune response directed against the viral coat, which is dependent 
on particle number and largely independent of transgene expression. There are many 
methods to determine the concentration of virus particles such as anion exchange 
high-performance liquid chromatography (HPLC), measurement of virion DNA using 
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a DNA-binding dye (e.g., PicoGreen), reverse-phase HPLC analysis of viral protein 
components, and spectrophotometric analysis after solubilizing the vector.** To deter- 
mine the concentration of virus particles by spectrophotometric analysis, purified 
virus is diluted in Tris-EDTA buffer supplemented with 0.1% SDS and heated to 
56°C for 10min, and the OD, is determined using a UV spectrophotometer. Based 
on the extinction coefficient of wild-type Ad as determined by Maizel et al.,8° the 
concentration of viral particles is calculated as follows: 


Particles/ml =(OD260) (dilution factor) (1.1 x io): 


The particle:pfu ratio is between 20:1 and 80:1 for most Ad vector preparations. 


4.7.2 Replication-Competent Adenovirus Assay 


HEK-293 cells,” for many years the only cell line that would support growth of E1-de- 
leted Ad vectors, are transformed with the left end of Ad5 (viral nucleotide sequence 
14344) that includes the E1 region.’ During the propagation of Ad vectors in HEK- 
293 cells, viral sequences in the HEK-293 cells may recombine with viral sequences in 
the vector, producing E1-positive RCA. Although the frequency with which the recom- 
bination occurs is not known, RCA is likely to replicate faster than many E1-deleted 
vectors in HEK-293 cells. Therefore, prolonged propagation of the vector may increase 
the proportion of RCA in the vector preparation, and should be avoided. To minimize 
RCA contamination, one should scale up vector production from a single plaque to 
large-scale culture in as few steps as possible. RCA contamination is considered a safety 
issue especially if the vector will be used clinically. The FDA recommends that there be 
no more than one RCA in 10° infectious adenovirus virions in a clinical stock.*® Several 
different approaches have been developed for the detection of RCA, including Southern 
blot hybridization, quantitative polymerase chain reaction, and biological assay.** 

The biological assay used for RCA detection in our lab is based on the induction 
of CPE in the non-E1-complementing A549 cell line following infection with the test 
vector. Infection with Ad, even in the absence of RCA, will frequently result in death 
of the initially infected A549 monolayer due to toxicity of viral proteins in the inoc- 
ulum. Therefore, the RCA test is carried out in two stages. In the first stage, 150-mm 
dishes of A549 cells are infected with 10°, 10’, or 108 pfu vector (one dish per virus 
amount). Greater amounts of vector can be tested if detection of RCA at higher sen- 
sitivity is required. One week after infection, or sooner if most of the culture shows 
CPE, the infected cultures (monolayer plus medium) are harvested. The harvested 
cultures are taken through three freeze-thaw cycles, and then 1ml of each lysate is 
used to infect a fresh dish of A549 cells. This second round of infection is observed for 
3 weeks, replacing medium every 5 days. Any signs of CPE in this second stage would 
indicate the presence of RCA. If no CPE is observed then the original inoculum of 
vector used to generate the lysate would have been free from RCA. If CPE is observed 
in any plate, then viral DNA can be recovered from that plate and analyzed by agarose 
gel electrophoresis after digestion with appropriate restriction enzymes for further 
confirmation (as described in Section 4.3). 
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5. High-Efficiency Construction of Adenovirus Vectors 
for Generating Adenovirus-Based cDNA Expression 
Libraries 


The human genome project revealed the presence of an estimated 25,000 genes and a 
much larger number of proteins encoded by these genes.’ The functions of the major- 
ity of these gene products are unknown. It is important to identify the activities of the 
genes, especially those whose products play a role in human disease, as these genes 
could be potential targets for therapy. However, identification of the full spectrum 
of a gene’s function is very difficult partly due to complex interactions of the gene 
product with other proteins and factors that vary depending on the specific cell type or 
developmental stage under study. Thus, there is a need for a highly efficient mamma- 
lian expression system that would facilitate cloning and direct determination of gene 
function on a genomic scale in cell-based assays. 

The ability of Ad to efficiently transduce a wide variety of cell types including 
primary cells makes it an ideal vector for cDNA delivery in functional assays. Other 
desirable features for an expression library vector are that the method of construction 
should yield only recombinant vectors (with minimal wild-type or parental vector 
contamination) and the method should produce a large number of clones.?! Although 
several methods of Ad vector construction, including the two-plasmid rescue systems 
discussed in earlier sections, generate recombinant vectors that are free from contam- 
ination with parental virus, the efficiency of vector rescue with these methods is not 
sufficient for generating a cDNA expression library of high complexity. Fewer than 
100 plaques per microgram of vector DNA are obtained at best, using the conventional 
methods of Ad vector construction.?! 

Mammalian cells are speculated to contain ~10° mRNA species; thus, at least 106 
independent clones must be produced for adequate representation of all transcripts 
in the cDNA library. Construction of such a complex population of recombinant Ad 
vectors by conventional methods would not be feasible. The low efficiency of trans- 
gene rescue following transfection with a plasmid-derived vector genome is thought 
to be partly due to low infectivity of cloned viral DNA. It has been found that plas- 
mid-derived viral DNA is ~1000-fold less efficient than virion DNA in producing 
infectious virus. This huge difference is due to the absence of terminal protein (TP) 
in the cloned viral genome. In the virion, TP is bound covalently to both ends of the 
linear Ad genome and plays an important role in enhancing infectivity and template 
efficiency for viral DNA replication.°2°> Miyake et al. developed an efficient method 
for construction of Ad vectors that employs viral DNA termini complexed to TP as a 
substrate in the generation of recombinants.®* In this study, they inserted the transgene 
at a unique site in the full-length viral genome carried in a cosmid backbone. The 
cosmid vector was used to cotransfect HEK-293 cells together with TP-bound virion 
DNA cleaved at several sites with a restriction enzyme to reduce recovery of nonrec- 
ombinant virions. The use of DNA-TP complexes greatly increased the efficiency 
of vector generation: several hundred plaques were formed per microgram of viral 
DNA-TP complex. However, only a fraction of the resulting clones were the desired 
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recombinants, suggesting that fragmentation of the Ad-TP donor genome is not suffi- 
cient to prevent its contamination of the recombinant pool. 

In order to more easily identify and recover recombinant clones, reporter genes 
can be either incorporated in the parental viral genome, such that it is lost following 
transgene rescue and can be used for negative selection, or incorporated in the shuttle 
plasmid, such that it is rescued along with the transgene and can be used for positive 
selection. Schaack et al. employed the E. coli LacZ gene for positive selection of Ad 
clones expressing their gene of interest.” The use of reporter genes for the selection 
of positive clones is useful but such screening would be time- and reagent-consuming 
if making a library of several thousand clones. This selection system is further ham- 
pered by the fact that often recombinant vectors have a growth disadvantage relative 
to the parental virus, which makes the isolation of recombinant clones from a library 
difficult unless the clones are positively selected for growth. 

Elahi et al. (2002) developed a positive selection system that should be compatible 
with generation of a large number of recombinant Ad clones.?! In this study they made 
use of the essential late Ad protease (PS) gene. Ad deleted of the PS gene can undergo 
only one round of DNA replication in HEK-293 cells. For this strategy, the authors 
made a shuttle plasmid bearing the left end of Ad and containing, in place of El, a 
bicistronic expression cassette incorporating the PS gene and the transgene. HEK-293 
cells were transfected with this shuttle plasmid following infection with a PS-deleted 
full-length Ad. Because the PS-deleted viral genome cannot go beyond one round 
of replication, only recombinant vectors that have acquired the PS gene can result 
in productive infection. With this interesting and scalable system, virtually all of the 
recovered viruses are recombinant vectors with a diversity predicted to be as high as 
one million clones. 

Hatanaka et al. (2003) developed a Cre—loxP-based recombination system for the 
generation of an Ad cDNA expression library.°> Unlike all the strategies discussed 
above, the recombination event in this method takes place in vitro. First, a cDNA 
library was constructed in an Ad shuttle plasmid background, with a loxP site just 
downstream of the cDNA cassette. A pool of linearized shuttle plasmids was added 
in vitro to a complex of TP and viral DNA deleted of the left end and the mixture 
was treated with Cre recombinase. The resulting recombinant DNA was then used to 
transfect HEK-293 cells to obtain a library of infectious vectors. Using this system the 
authors were able to isolate cDNA for CD2 (present at a frequency of less than 1 in 
3000T cell transcripts) from human T cells. 

All the methods discussed above provided evidence that construction of Ad cDNA 
expression libraries is feasible. However, one common drawback in all the approaches 
for creating Ad-based cDNA expression libraries is that they are technically demand- 
ing and time-consuming. In 2006, Hillgenberg et al. modified the previously devel- 
oped Cre—loxP-based Ad construction methods to generate ~10° independent clones 
of recombinant Ad®° in a short time. In this system the shuttle plasmid carries the viral 
5 ITR, complete viral packaging signal, the cDNA expression cassette, and a single 
loxP site. A mixture of shuttle plasmids is used to transfect HEK-293 cells expressing 
Cre recombinase that have been infected with donor Ad attenuated by partial deletion 
of the packaging signal, which is flanked by loxP sites. Site-specific recombination 
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causes excision of the packaging signal from the donor virus rendering it completely 
nonpackageable. A second recombination between the loxP site in shuttle plasmid and 
the loxP site in the donor virus rescues the transgene and packaging signal, resulting in 
an infectious recombinant vector. Individual clones are then identified and purified by 
plaque assay. The residual donor viruses are counterselected during the amplification of 
recombinant vectors because of their impaired growth. This rapid, efficient, and elegant 
construction system should prove very useful for the production of cDNA expression 
libraries of sufficient complexity for identification of gene function in cell-based assays. 


6. Conclusion 


As described in this chapter, the two-plasmid rescue system using mammalian cells, 
particularly HEK-293, is one of the earliest and most commonly used methods for the 
construction of Ad vectors. The two-plasmid rescue system depends on recombination 
between a shuttle and a genomic plasmid. Replacement of homologous recombination 
with site-specific recombination as a means to rescue the transgene into the vector has 
greatly increased the efficiency of recombinant virus production. With advancements 
made in the construction process, as discussed in the last section of this chapter, it is 
now feasible to construct Ad-based human cDNA libraries in a short time. 
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1. Introduction 


Adenoviruses (Ad) are nonenveloped icosahedral particles with a diameter of 70-100 nm. ! 
Each virion consists of a DNA core surrounded by a protein shell composed of 252 sub- 
units called capsomeres (240 subunits, hexons, and 12 subunits, pentons). So far, more 
than 65 serotypes of human Ad have been identified and classified into seven distinct 
subgroups (A-F), many of which are associated with respiratory, gastrointestinal, or 
ocular disease.!* Two of them, Ad types 2 and 5, which belong to subgroup C, have 
been the most extensively studied both genetically and biochemically, and the findings 
of these studies have contributed to our knowledge of viral and cellular gene expres- 
sion and regulation, DNA replication, cell cycle control, and other biological processes. 
Because of the extensive knowledge of the genetic and biological characteristics of Ad 
types 2 and 5, these types are generally used to prepare recombinant Ad vectors. 

Human Ad contains a linear, approximately 36kb, double-stranded DNA genome 
that encodes over 70 gene products.! The viral genome contains five early transcrip- 
tion units (ELA, EIB, E2, E3, E4), two early delayed (intermediate) transcription units 
(protein IX (pIX) and IVa2), and five late units (L1-L5), which mostly encode struc- 
tural proteins for the capsid and the internal core. Inverted terminal repeats (ITR) at 
the ends of the viral chromosome function as replication origins. The E1A gene is the 
first transcription unit to be activated shortly after infection, and is essential to the acti- 
vation of other promoters and replication of the viral genome. In the first generation 
Ad vectors, the E1 (E1A and E1B) gene is replaced by the foreign gene and the virus is 
propagated in El-transcomplementing cell lines, such as 293, 911,5 or PER.C6 cells.° 
The E3 region encodes products associated with host defense mechanisms, which 
are not required for viral replication in vitro, and thus the E3 region not only is often 
deleted to enlarge the packageable size limit for foreign genes but also is replaced with 
foreign genes. Since up to 3.2 and 3.1 kb of the E1 and E3 region, respectively, can be 
deleted,’ and approximately 105% of the wild-type genome can be packaged into the 
virus without affecting the viral growth rate and titer,® the E1/E3-deleted Ad vectors 
allow the packaging of approximately 8.1-8.2 kb of foreign DNA.” 

Recombinant Ad vectors have been extensively used to deliver foreign genes to a 
variety of cell types and tissues both in vitro and in vivo.?-!* They can be easily grown 
to high titer and can efficiently transfer genes into both dividing and nondividing cells. 
The viral genome persists as an episome in the nucleus of the transduced cells. Since 


Adenoviral Vectors for Gene Therapy. http://dx.doi.org/10.1016/B978-0-12-800276-6.00005-X 
Copyright © 2016 Elsevier Inc. All rights reserved. 


114 Adenoviral Vectors for Gene Therapy 





these vectors do not replicate extrachromosomally and rarely integrate into the host 
chromosome, Ad vector-mediated gene expression is variable and dependent on factors 
such as cellular turnover and immune responses directed against transduced cells. Ad 
vectors have not only become promising vectors for gene therapy, but also important 
tools for gene transfer into mammalian cells. The construction of Ad vectors, however, 
is a time-consuming and labor-intensive procedure, and improvements have been made 
to several of the systems involved in order to facilitate the process. In this paper, we 
review the advances made so far in the methods for generating recombinant Ad vectors. 


2. Construction of First Generation Adenovirus Vectors 
2.1 Early Methods for Adenovirus Vector Construction 


Initially the methods for constructing recombinant Ad vectors required direct manip- 
ulation of whole Ad DNA purified from virions. There were two principal meth- 
ods. One of these methods, the in vivo homologous recombination of Ad DNAs,!? 
included cotransfection of Ad DNA restriction fragments with overlapping homolo- 
gous sequences that were cleaved from Ad types 2 and 5, resulting in recombination 
in 293 cells and the production of infectious recombinant DNAs. The other method 
was in vitro ligation of Ad DNAs cleaved by restriction enzymes.!*:!> However, both 
methods had the major limitation that it was very difficult to manipulate large Ad 
DNAs. In the early 1980s, this limitation was partially overcome by modifications of 
the left end of the Ad genome. In brief, Stow et al.!° used in vitro ligation between a 
cloned subgenomic Ad fragment and the viral DNA, both of which had unique XbaI 
sites. The shuttle plasmid containing the modified left end of the viral DNA and the 
purified viral DNA were cleaved with XbaI and ligated in vitro. Then, by transfecting 
the ligation product into 293 cells, the recombinant Ad vectors bearing the modified 
EIA region were generated. On the other hand, Kapoor and Chinnadurai!” employed 
homologous recombination in 293 cells. They also constructed a shuttle plasmid bear- 
ing a modified E1 region and cotransfected the shuttle plasmid with the viral DNA, 
which was cleaved with Xbal in advance, into 293 cells. 

Although these methods were useful, the requirement for manipulating whole viral 
DNAs to generate recombinant Ad vectors was a major technical issue. Purification 
of viral DNAs was time-consuming and tedious. Moreover, the use of these tech- 
niques caused the contamination of parental nonrecombinant Ad viruses, such that the 
desired recombinant Ad vectors also had to be purified. This was because the parental 
Ad viruses had a growth advantage over the recombinant vectors and inhibited the 
propagation of the vectors in 293 cells. Thus, easier and more efficient methods were 
urgently needed at the time. 

From the late 1980s to early 1990s, other standard methods to make E1-deleted Ad 
vectors were developed; these included a homologous recombination method in 293 
cells’:!8 and an in vitro ligation method.!?*! In 1994, Bett et al. developed a homolo- 
gous recombination method in the El-complementing cell lines (293 cells) to generate 
recombinant Ad vectors’ (Figure 1(A)). Their method used two plasmids containing 
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Figure 1 Early methods of constructing first generation adenovirus vectors. (A) Homologous 
recombination method in 293 cells. (B) In vitro ligation method. 


overlapping fragments that recombine. The first plasmid contained most of the viral 
genome in circular form, but lacked the DNA packaging signals and the E1 region. The 
second plasmid contained the left ITR, packaging signal, and sequence overlapping the 
first plasmid. After the gene of interest had been introduced into the second plasmid, 
the two plasmids were cotransfected into 293 cells, and the virus produced by recom- 
bination in 293 cells was isolated through plaque purification. This method was widely 
used at the time, and it greatly contributed to the widespread use of the Ad vectors. 
The major limitations of these approaches were the low frequency of the recombina- 
tion event and the tedious and time-consuming plaque purification procedure required 
to select the recombinant virus of interest; the purification procedure was required 
because most of the virus produced was of the wild type (in most cases 20-70%) due 
to recombination with the Ad sequence integrated into the chromosome of the 293 
cells. In addition, the potential instability of the large Ad genome due to the presence 
of a head-to-head ITR junction was another restriction.2? Several other systems that 
overcome these limitations have been developed and are described in Chapter 4. 

On the other hand, the in vitro ligation method also used whole viral DNA genomes 
and a plasmid containing the left end of the Ad genome with the left ITR, the pack- 
aging signal, and the E1A enhancer sequence (map unit: 0-1.3) (Figure 1(B)). This 
system employed Clal, which is a unique site located in the E1 region of the Ad type 5 
genome (map unit: 2.6). After the gene of interest was inserted into the region down- 
stream of the viral sequence of the plasmid, the ClalI-digested fragment containing the 
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left viral sequence and gene of interest was ligated with the Ad genome digested by 
ClalI, replacing a portion of the viral E1A gene. The ligated DNAs were then directly 
transfected into 293 cells to generate the recombinant virus. This method, however, 
was not very efficient and required purification of the recombinant virus by plaque 
assay, because wild-type and transgene null viruses resulting from incomplete restric- 
tion digestion and self-religation were also generated. Moreover, the E1 region was 
not completely removed, limiting the space for insertion of a foreign gene. As a result, 
this method is rarely used today. More efficient and simplified in vitro ligation systems 
will be reviewed below. 


2.2 Homologous Recombination Method in Escherichia coli 


A new method called the AdEasy system?’ has been developed for generating Ad 
vectors based on the homologous recombination of two plasmids using bacteria?4?5 
(Figure 2(A)). Although most bacteria do not recombine transformed DNA read- 
ily and are not widely used for plasmid manipulation by homologous recombina- 
tion, this method takes advantage of the highly efficient homologous recombination 
machinery of specialized E. coli (BJ5183, recBCsbcBC). The vector plasmid con- 
tains the full-length (or the E3-deleted) Ad genome flanked by the PacI site, which 
is an 8-bp recognition restriction enzyme (rare cutter), an ampicillin resistance gene, 
and a plasmid origin of replication. The shuttle plasmid contains the left region of 
the viral genome including the left ITR, packaging signal, and overlapping sequence 
downstream of the E1 region. The vector plasmid cut by Clal (a unique restriction 
enzyme), which is located in the E1 deletion region, and the shuttle plasmid, in 
which the gene of interest is cloned, are cotransformed with recBCsbcBC E. coli. 
The recombination event occurs through overlapping of the fragments of each plas- 
mid. The plasmid is isolated after culturing of the independent E. coli clones for a 
short time (usually fewer than 8h). Since recBCsbcBC E. coli is not suitable for 
large-scale preparation of the plasmid, the recovered plasmid is retransformed and 
cultured with more conventionally used strains of E. coli (e.g., DH5a). The plasmid 
is then isolated, and positive clones are selected by restriction analysis. Transfection 
of linearized plasmids digested by PaclI, which cuts at the end of the left and right 
ITRs, into 293 cells generates the recombinant Ad vectors. Unlike the homologous 
recombination method in 293 cells, the generation of the wild-type virus is extremely 
low due to the transfection of homogeneous DNAs in which the E1 gene has already 
been replaced by the foreign gene. Thus, the time-consuming plaque purification 
procedure is not absolutely required to produce the virus. In 2001, the AdEasy sys- 
tem2* was simply improved.”° Before the transformation of a shuttle plasmid and 
a vector plasmid, a viral backbone plasmid is preselected by electroporation of the 
vector plasmid into BJ5183 followed by the picking up of a single colony. Thus, this 
two-step transformation protocol allows a higher success rate during the selection 
for recombinants by eliminating defective and nonreplicative viral backbone plas- 
mids in advance. 

A modified system using homologous recombination in bacteria has also been 
reported.’ In this system, the incP-plasmid, which is capable of replicating in the polA 
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Figure 2 Methods of constructing first generation adenovirus vectors by homologous 
recombination in E. coli. (A) Homologous recombination method. (B) Improved homologous 
recombination method. 


mutant of E. coli and accommodating a large insert and the SacB gene of Bacillus sub- 
tilis, which is a lethal marker for E. coli in the presence of sucrose, is used to improve 
the selection of positive recombinant Ad plasmids. Another modified approach was 
taken by using a common E. coli strain.?* Since BJ5183 do not produce a sufficient 
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amount of recombinant plasmid to allow for restriction analysis, the recombinant plas- 
mid must be retransformed into another strain to observe the expected construction. To 
avoid this complicated process, the E. coli strain Top10F’ was used. Top10F’ permits 
the homologous recombination to yield recombinant plasmids and the production of 
large-scale plasmid DNAs. 

In 2004, Mullan et al. improved the E. coli homologous recombination system.”° 
Conventional methods manipulating recombinant Ad vector construction in E. coli 
generally entail a screening step to identify the correct plasmid. Mullan and col- 
leagues described that the recombination process yielding an Ad plasmid requires 
only one step, and always leads to the formation of only the desired recombinant 
Ad clone. Thus, no screening is needed to identify the objective clone encoding 
the desired recombinant Ad DNA. They introduced a gene of interest into a con- 
ditionally replicating shuttle plasmid, pCA350. pCA350 contains the left end of 
an Ad genome encompassing the pIX-coding region, an R6Ky conditional bacte- 
rial origin of replication, and a kanamycin resistance cassette. The R6Kg plasmid 
cannot replicate in the absence of specific replication initiator proteins known as 
x proteins, which are encoded by the pir gene. A recombinant pCA350 was trans- 
formed into a x protein-expressing E. coli (e.g., Pir +TAM1) bearing a pOSE 
plasmid series containing the right end of an Ad genome commencing from the 
pXI-coding region, a bacterial origin of replication, and a tetracycline resistance 
cassette, leading to homologous recombination in pXI-coding regions contained 
in both plasmids on the LB with kanamycin and tetracycline. After the recombina- 
tion, only a cointegrated recombinant vector along with a specific bacterial origin 
of replication, kanamycin resistance cassette, and tetracycline resistance cassette 
could replicate and form colonies. Thus, the resulting recombinant was truly clonal, 
obviating the need for screening. In addition, the individual plasmids used in the 
homologous recombination process are incapable of generating contaminating Ad 
by themselves. Mullan et al. reported that this approach successfully generated 
more than 200 recombinant Ad vectors, and other groups have also employed this 
construction system??3! (Figure 2(B)). 


2.3 Improved in vitro Ligation Method 


About a decade ago, Mizuguchi and Kay developed a two plasmid in vitro liga- 
tion method that does not require a recombination step to produce Ad vectors??33 
(Figure 3(A)). Since Ad contains a large genome, unique and useful restriction sites 
are limited. This makes in vitro manipulation of Ad DNA difficult and explains why 
the method of simple in vitro ligation based on plasmid construction has never been 
developed. Mizuguchi and Kay overcame this limitation by using the rare-cutting 
enzymes, I-Ceul and PI-Scel. I-Ceul** and PI-SceI*> are intron-encoded endonucle- 
ases*® that do not cut the Ad genome, and their sequence specificities are at least 9-10 
and 11 bp, respectively. The vector plasmid contains a complete E1/E3/E4-deleted Ad 
type 5 genome with three unique restriction sites, I-Ceul, Swal, and PI-Scel, in an E1 
deletion site and an ampicillin resistance gene. Swal is also a rare-cutting restriction 
enzyme with a sequence specificity of 8 bp. The shuttle plasmid contains a multiclon- 
ing site between the I-Ceul and the PI-Scel sites and a kanamycin resistance gene. 
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A variety of genes can be inserted in any site of the multicloning site. In this section, 
we introduce their efficient and improved in vitro ligation techniques. The system 
basically involves two cloning steps in E. coli followed by transduction of the linear- 
ized recombinant Ad DNA into 293 cells (Figure 3(A)). 
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First, in 1998, Mizuguchi and Kay generated four basic viral backbones, 
pAdHM 1-4 in bacterial plasmids*2; all four backbones are the E1 deleted and the 
viral DNA is flanked by Pacl sites at both ends (pAdHM3, 4). In these backbones, 
pAdHM4 has the E3 deletion. They also constructed pHM3, which contains the 
pUC18-derived multicloning site between the I-Ceul and the PI-Scel sites. After a 
gene of interest is inserted into the multicloning site of a shuttle plasmid, the gene 
can be easily introduced into the E1 deletion site of a vector plasmid at the I-Ceul 
and PI-Scel sites. Basically, the recombinant shuttle plasmid and vector plasmid are 
then digested with I-Ceul and PI-Scel, and the mixture is directly ligated without gel 
purification of either the transgene expression cassette sequence or the vector viral 
sequence. Swal digestion of the ligation products is performed in order to prevent 
production of a plasmid containing a parental Ad genome (null vector). By transfor- 
mation into standard strains of E. coli, such as chemical-competent DH5a (electro- 
competent DH5a can also be used), and growth in ampicillin, only the ligated Ad 
plasmid DNAs with inserts are selected (more than 90% of the transformants have 
the correct insert). A recombinant Ad vector can be generated by the transfection 
of the PacI-digested, linearized plasmid into 293 cells, resulting in a homogeneous 
population of the recombinant virus. The time-consuming plaque purification proce- 
dure is not absolutely required to produce the virus as in homologous recombination 
methods. Thus, recombinant Ad vectors are produced by simple molecular biology 
techniques, without the need for homologous recombination, in mammalian cells, 
bacteria, or yeast (Figure 3(A)). 

Next, they simplified this system by deleting the time-consuming process of gel 
purification of the cloned DNA fragments.*? A shuttle plasmid that has a kanamycin 
resistance cassette instead of an ampicillin resistance cassette was constructed. Since 
the vector plasmid contained an ampicillin resistance cassette, the isolation of the 
recombinant Ad fragment from a gel was obviated. Moreover, in the same study they 
also reported a series of shuttle plasmids with different promoters, such as a CMV 
or RSV promoter, and a series of vector plasmids for producing the E1-, E1/E3-, and 
E1/E3/E4-deleted vectors. pAdHM10 has a larger E3 deletion than pAdHM4, while, 
in addition to the larger deletion in the E3 region, pAdHM12 has the E4 deletion. Up 
to 4.9, 7.6, 8.1, and 10.9kb of exogenous DNA can be inserted into pAdHM3, 4, 10, 
and 12, respectively. These modifications allow any laboratory to construct Ad vectors 
easily for the delivery of a variety of genes (Figure 3(A)). 

Around the same time, a different in vitro ligation method employing the same 
logic was developed, called the pAdvantage system.?” The viral backbone (pAdvan- 
tage) was based on Ad serotype 2, which contained an I-Ceul site in the E1 deletion 
region and the ITRs flanked by SnaBI sites. In this method, however, only one unique 
restriction enzyme site is introduced into the vector plasmid containing most of the 
viral sequence, making it less efficient than the method described above. 

The improved in vitro ligation method has several advantages over the homologous 
recombination method in bacteria: only simple molecular biology cloning techniques 
are required, no special E. coli strain is needed, and no additional transformation is 
required (the E. coli system formerly required a two-step transformation using two 
different E. coli strains). 
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In 2003, Gao et al. devised an advanced method for the generation of Ad vec- 
tors,?8 which was based on the method of Mizuguchi and Kay*?? (Figure 3(B) and 
3(C)). The method included two types of modification. The first step consisted of 
isolating bacterial transformants containing the correct recombinant vectors. They 
incorporated a convenient green—white selection step into the cloning process, reduc- 
ing the numbers of transformant colonies to be screened by plasmid DNA purifica- 
tion and restriction analysis. An Aequorea victoria green fluorescent protein (GFP) 
expression cassette was inserted into the E1 region of a viral backbone. The objective 
clones for an Ad vector are produced by removing the GFP expression cassette and 
inserting a gene of interest, while the background clones still contain the cassette. 
We can distinguish recombinants (no fluorescence; white colony) from background 
transformants (GFP fluorescence; green colony) on an ampicillin plate. Using this 
method, Gao and colleagues reported that a correct recombinant clone is usually 
guaranteed by picking up less than three white colonies. Thus, this green—white 
selection simplifies the cloning of Ad vectors and improves the cloning efficiency 
for the construction of Ad vectors. The second step consisted of transfecting and 
rescuing clones of recombinant Ad vectors in packaging cells. They extracted the 
Ad vector genome from a circular viral plasmid in 293 cells after transfection. Rare 
cutter I-Scel sites were inserted into the viral backbone outside the ITRs of an Ad 
genome. I-Scel is an intron-encoding endonuclease present in the mitochondria of 
yeast Saccharomyces cerevisiae. In addition, I-Scel expression is compatible with 
eukaryotic cell growth.*?*° The circular viral plasmid containing I-Scel sites was 
transfected into 293 cells expressing I-Scel endonuclease (293/I-Scel cells), result- 
ing in the efficient release of the viral linear genome in 293 cells. Alternatively, a 
transcription unit expressing I-SceI endonuclease was incorporated into the viral 
backbone, which also contains the viral genome flanked by I-Scel sites. The trans- 
fection of this self-cleaving plasmid into normal 293 cells led to the expression of 
I-Scel endonuclease, followed by the efficient release of the linear DNAs. Using 
this I-SceI-mediated cleavage, they demonstrated that circular viral DNAs can be 
efficiently transfected into 293 cells and that the cleavage in the cells improves the 
rescue efficiency of recombinant Ad vectors (Figure 3(B) and 3(C)). 


2.4 Homologous Recombination Method in Yeast 


Another method was devised to overcome the difficulty of manipulating Ad DNAs. 
Yeast has highly efficient homologous recombination capacity. In 1994, Ketner et al. 
used S. cerevisiae to construct a yeast artificial chromosome (YAC) that contains a 
complete sequence of the linear viral genome.*! This system could allow multiple 
mutation inserts to be introduced into the viral genome. An infectious Ad vector was 
generated after introducing the modified Ad genome, digested from the YAC vector, 
into 293 cells. However, a major restriction of this method was the low yield of DNA. 

In 2003, Hokanson et al. removed this restriction by taking a hybrid approach that 
combined the strengths of the yeast and E. coli systems.** This approach exploited 
the facts that viral DNAs are easily modified in yeast and efficiently amplified in bac- 
teria. The recombinant Ad genome was generated through recombination between a 
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Figure 4 A method of constructing first generation adenovirus vectors by homologous recom- 
bination in yeast. ADE/URA, yeast selectable markers. 


shuttle plasmid and a yeast artificial plasmid (YAP) encoding the full-length Ad DNA 
with yeast and bacterial origins of replication, resulting in an Ad- YAP. The modified 
YAP vector was introduced into bacteria, thereby converting the Ad- YAP to a plasmid 
artificial chromosome, which was then amplified. After introducing the Ad genome 
cleaved from the Ad-YAP into 293 cells, a recombinant Ad vector with a gene of 
interest was generated (Figure 4). 

An advantageous feature of this yeast system was that it allowed efficient manip- 
ulation of large DNA fragments.*? Nonetheless, the system was also quite compli- 
cated. It required the use of an additional host (yeast), including yeast culture and 
manipulation. 
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2.5 Transposon-Mediated Recombination Method 


In 2000, a transposon-mediated recombination system was developed, called 
the admid system.** Recombinant Ad vectors were generated by Tn7-mediated, 
site-specific transposition in E. coli strain DH10B. This Tn7-mediated recom- 
bination method had been used to construct recombinant baculoviruses.*> The 
authors prepared two plasmids: (i) a low copy number E. coli plasmid (admid) 
containing a full-length Ad genome with a B-galactosidase-coding sequence and 
the Tn7 attachment site (lacZattTn7) replacing the El region and (ii) a transfer 
plasmid with a mini-Tn7 containing a gene of interest flanked by Tn7R and Tn7L. 
These two plasmids were stably maintained in DHIOB. After the transposition of 
the mini-Tn7 into the lacZattTn7 site, transposed recombinant Ad vectors were 
readily identified by their B-galactosidase phenotype. The authors reported that 
this admid system accommodates DNA inserts up to 5.8kb in basic E1/E3-de- 
leted Ad vectors and the transposition efficiency is about 25%. Transfection of the 
PacI-digested admid recombinant into 293 cells resulted in the production of 
recombinant Ad vectors. 


2.6 Other Methods 


Other methods to construct Ad vectors have been reported: a cre—lox-mediated recom- 
bination method,*®>° a method combining homologous recombination in mammalian 
cells and bacteria,>! a method based on cosmid construction,°2~>> and others.>° Several 
variations of the cre—lox-mediated recombination method have been developed in 293 
cells,*”7>° which overcomes some of the inefficiencies of the homologous recombi- 
nation method in mammalian cells.*°49 In addition, cre—lox-mediated recombination 
has been used to construct the whole Ad vector genome in a test tube, eliminating 
the need for cellular recombination.*° The usefulness of these systems depends on 
the experimental carrier used by the individual investigator, although additional steps 
are required, such as lambda packaging for cosmid construction or purification of the 
virus of interest by plaque assay. 


3. Construction of the E1/E3-Substituted Adenovirus 
Vectors 


Most first generation Ad vectors in current use are of the El-substitution type. Some- 
times, however, it may be preferable to insert foreign genes into the E3 deletion region 
as well as into the E1 deletion region. For example, when heterologous gene expres- 
sion cassettes inserted into the El-deletion region are coexpressed, promoter interfer- 
ence sometimes occurs, i.e., transcription from one promoter suppresses transcription 
from another.°’>? Ad vectors containing foreign genes that can be introduced into 
both the E1 and the E3 deletion regions eliminate such problems, because each of the 
genes can be efficiently expressed. 
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Some of the systems described in Section 2 allow for the insertion of foreign 
genes into both the E1 and the E3 deletion regions. In one method, developed by 
Graham et al., a unique Pacl site in the E3 deletion region of the plasmid containing 
the Ad genome was used to clone the gene of interest into the E3 deletion region, 
and another gene of interest was then inserted into the E1 deletion region by homol- 
ogous recombination in 293 cells’ (Figure 5(A)). However, insertion of foreign 
genes into the E3 deletion region is sometimes difficult because the vector plasmid 
contains long palindromic sequences of the ITR, which induces plasmid instability 
in E. coli (by contrast, the vector plasmids in Sections 2.2 and 2.3 do not contain pal- 
indromic sequences). In another method, the insertion relied on homologous recom- 
bination in bacteria? (Figure 5(B)). This method used a shuttle plasmid containing 
the Ad sequence around the E3 region. After the gene of interest was inserted into 
the E3 deletion region of the shuttle plasmid, the linearized shuttle plasmid and Spel 
(or SrfI)-digested vector plasmid were cotransformed into recBCsbcBC E. coli, by 
the same procedure as that used for the cloning of foreign genes into the E1 deletion 
region described in Section 2.2 (the Spel and SrfI sites located around the E3 region 
are unique to the Ad genome). 

Our group developed a modified system to clone the gene of interest into both the 
E1 and the E3 deletion regions based on simple plasmid construction using in vitro 
ligation®! (Figure 5(C)). To do this, a unique restriction site, the Csp45I, Clal, or I-Scel 
sites, was introduced into the E3 deletion region of the Ad vector plasmid containing 
the unique I-Ceul, Swal, and PI-Scel sites in the E1 deletion region. Shuttle plas- 
mids containing a multicloning site flanked by Csp45I, Clal, or I-Scel sites were also 
constructed to assist introduction of the gene of interest into the E3 deletion region. 
Csp45I and Clal produce compatible cohesive ends. Thus, if the gene of interest does 
not have both the Csp45I and the Clal sites, the recombinant plasmid is produced from 
recleavable ligation products by Csp45I or Clal. When the gene of interest contains 
both the Csp45I and the Clal sites, the rare cutter I-Scel site is ideal for use as an 
alternative cloning site.°*°° In this method, Ad vectors containing heterologous genes 
in the E1 and E3 deletion region are generated by a procedure similar to that described 
in Section 2.3. 

A major advantage of a binary transgene expression system in which heter- 
ologous genes can be inserted into both the E1 and the E3 regions is that gene 
products that interact with each other can be expressed in a single vector. A typ- 
ical example is a tetracycline (tet)-controllable expression system, which allows 
for regulatable transgene expression.®*° In these experiments, two kinds of 
the El-substituted Ad vectors were cotransfected: one expressing a tet-respon- 
sive transcriptional activator and the other, driven by a tet-responsive promoter, 
expressing a gene of interest. In their system, by inserting the gene of interest with 
a tetracycline-regulatable promoter and tetracycline-responsive transcriptional 
activator gene into the El and E3 deletion regions, respectively, Ad vectors con- 
taining a tetracycline-controllable expression system could be generated.®! This 
approach had the advantage of eliminating extra labor to generate vectors and did 
not require cotransduction. 
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Figure 5 Methods of constructing adenovirus vectors containing genes of interest in both the 
El and the E3 deletion region. (A) Homologous recombination method in 293 cells. 
(B) Homologous recombination method in E. coli. (C) Improved in vitro ligation method. 
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4. Construction of Capsid-Mutant Adenovirus Vectors 


One of the hurdles confronting Ad-mediated gene transfer is that gene transfer with 
Ad vectors is inefficient in cells lacking the primary receptor, the coxsackievirus and 
adenovirus receptor (CAR)°*”°; such cells include many advanced tumor cells, skel- 
etal muscle cells, smooth muscle cells, peripheral blood cells, hematopoietic stem 
cells, dendritic cells, and so on. A high dose of vector is required to achieve efficient 
gene transfer to these cell types. This in turn increases unwanted side effects, such as 
vector-associated immunogenic toxicities. Another hurdle confronting Ad vector-me- 
diated gene transfer is the nonspecific distribution of the vectors in tissue after in vivo 
gene transfer because of the relatively broad expression of CAR, av integrin (the 
secondary receptor), and heparan sulfate (the third receptor). This property imposes 
an increased risk of toxicity due to vector dissemination to nontargeted cells, such 
as antigen-presenting cells (e.g., macrophages and dendritic cells). This occurs even 
when Ad vectors are locally administered to the tissue of interest. Vector targeting to a 
specific tissue or cell type would enhance gene therapy efficacy and permit the deliv- 
ery of lower doses, which should result in reduced toxicity. 


4.1 Construction of Fiber-Mutant Adenovirus Vectors 


Genetic modification of the Ad capsid, such as its fiber, pIX, or hexon, is an attractive 
strategy for altering the Ad tropism. Among these options, modification of the fiber 
proteins has been the most widely studied. Fiber proteins consist of three distinct 
domains: the tail, shaft, and knob. Each domain has distinct functions in host cell 
infection. Ad infection of susceptible cells requires two distinct steps. In the first step, 
the initial high-affinity binding of the virus to the CAR on the cell surface occurs 
via the trimeric subunits of the C-terminal knob domain of the fiber protein.®%7° In 
the second step, interaction between the RGD motif of the penton bases with the 
secondary host cell receptors, avß3 and avß5 integrins, expressed on most cell types 
facilitates internalization via receptor-mediated endocytosis.’!~73 Therefore, the inter- 
action of the fiber knob with CAR on the cell is the key mediator by which the Ad 
vector enters the cells. Thus, modification of fiber protein is an attractive strategy for 
overcoming the limitations imposed by the CAR dependence of Ad infection, and 
in several studies performed around the year 2000, two approaches were adopted to 
accomplish this. One was the addition of foreign peptides to the C-terminal end of the 
fiber knob,’*~”’ and the other was the insertion of foreign peptides into the HI loop of 
the fiber knob.”®-8! Both approaches allowed Ad tropism to be expanded by binding of 
the foreign ligand to the cellular receptor. 

Curiel et al. first reported characterization of an Ad vector containing a heterologous 
peptide epitope in the HI loop of the fiber knob.’*:”? They constructed a fiber-modi- 
fied vector by the homologous recombination method in bacteria (Figure 6(A)). To 
do this, they constructed a shuttle plasmid containing the fiber-coding region and a 
vector plasmid. The shuttle plasmid contained a mutated-fiber gene in which a unique 
EcoRV site was incorporated in place of the HI loop-coding region. The vector plas- 
mid was constructed so that it contained a unique Swal site in the fiber-coding region. 
Oligonucleotides corresponding to the peptide of interest were first inserted into the 
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Figure 6 Methods of constructing fiber-mutant adenovirus vectors. (A) Homologous recom- 
bination method in E. coli. (B) Improved in vitro ligation method. 


EcoRV site of the shuttle plasmid. The EcoRI-digested linearized shuttle plasmid con- 
taining the mutated-fiber gene and Swal-digested linearized vector plasmid were then 
cotransformed with recBCsbcBC E. coli for homologous recombination. The follow- 
ing steps were performed by a method similar to that described in Section 2.2 (see 
also Figure 2(A)). This method required at least five transformations, including trans- 
formation of the plasmid into different strains of bacteria to produce the fiber-mutant 
Ad vector that expresses the foreign gene. 
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We developed a method of constructing fiber-modified Ad vectors by using simple 
in vitro ligation’! (Figure 6(B)). The vector plasmid contains a complete E1/E3-deleted 
Ad genome and extra 12-bp foreign DNAs, which are the recognition sequences produced 
by Csp45I and Clal, in the HI loop-coding region of the fiber knob. Oligonucleotides cor- 
responding to the peptide of interest and containing a Csp45I and Clal recognition site are 
ligated into the Csp45I- and ClalI-digested vector plasmid. The foreign transgene expres- 
sion cassette is inserted into the E1 deletion site of the vector plasmid by the improved 
in vitro ligation method described in Section 2.3 (see also Figure 3(B)). The fiber-mutant 
Ad vector is produced by transfection of the PacI-digested recombinant vector plasmid 
into 293 cells. As a result, only a two-step, simple in vitro ligation and transformation 
using a standard strain of E. coli are required to construct fiber-mutant Ad vectors con- 
taining the gene of interest. In this method, two to three additional amino acids flanking 
the peptide of interest are introduced into the mutated fiber by the additional nucleotides 
contained within the Csp45I and Clal recognition sites. However, these additional amino 
acids do not exert any effect on the function of the peptide of interest.8! Moreover, on 
the basis of this procedure, we constructed a vector plasmid that allowed the peptide of 
interest to be expressed in Ad vectors in either the HI loop or the C-terminus of the fiber 
knob, or both.8? This plasmid contains a complete E1/E3-deleted Ad genome with I-Ceul, 
Swal, and PI-Scel sites in the E1 deletion region, a Csp45I site between T546 and P547 
of the fiber protein, which is the HI loop-coding region of the fiber protein, and a Clal 
site between E581 (the last amino acid) and the stop codon of the fiber protein of the Ad 
genome. By using our system, the foreign DNA-coding peptide of interest could easily 
be cloned into two regions of the fiber knob by a simple in vitro ligation method: the HI 
loop-coding region with Csp45I/Clal or Csp45I only, and the C-terminus with Clal. 

We and other groups reported that Ad vectors containing the RGD peptide motif 
(CDCRGDCEFC), which binds with high affinities to the avB3 and avB5 integrins on 
the cell surface®*> on the fiber knob, mediate not only CAR-dependent gene deliv- 
ery but CAR-independent, RGD-integrin (avB3 and av$5)-dependent gene delivery 
as well.’*:808! The virus containing the RGD peptide on the fiber knob was able to 
infect human glioma cells lacking CAR expression about 100-1000 times more effi- 
ciently than the virus containing a wild-type fiber.®! Since avB3 and avß5 integrins are 
expressed on most types of cells, except some blood cells, Ad vectors containing RGD 
peptides on the fiber knob mediate efficient gene transfer into CAR-deficient cells. 

Although Ad vectors can transduce most cells because of the insufficient expres- 
sion of CAR, they mediate less efficient gene transfer in some of the important target 
tissues (cells) for gene therapy, including differentiated airway epithelium, skeletal 
muscle, smooth muscle, peripheral blood cells, and hematopoietic stem cells.68-69:86 
Many reports have shown that fiber-mutant Ad vectors containing appropriate foreign 
peptides on the fiber knob may transduce these cells efficiently and may be a powerful 
tool for gene transfer into mammalian cells.87-89 


4.2 Construction of Other Capsid Protein-Mutant Adenovirus 
Vectors 


The C-terminal region of pIX and the hypervariable region (HVR) 5 of hexon loop L1 
are other candidate locations for capsid modification. pIX is a minor structural protein 
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contained in the Ad virion.®? The attractive characteristic of ligand insertion into the pIX 
region is that the C-terminus of pIX tolerates the insertion of large ligands.?'!~°* On the 
other hand, hexons are the most abundant capsid proteins and compose each geometrical 
face of the capsid. As hexons are mostly targeted by neutralizing antibodies,** hexon 
modification was reported to escape from neutralizing antibodies as well as to modify 
the tropism.’ The HVR of the hexon is a candidate location for incorporating foreign 
peptides without affecting the normal function of Ad type 5 as a gene transfer vector 
(i.e., viral growth, virus formation, virion stability, CAR-mediated infectivity).°° 

One attractive point of pIX or hexon modification is that 240 or 720 molecules of 
foreign peptides per virion are displayed at pIX or the hexon, respectively, while only 
36 molecules are displayed at the fiber (note that the fiber and hexon are composed 
of trimeric subunits). Therefore, p[X- or hexon-modified Ad vectors containing het- 
erologous peptides might be more effective than fiber-modified Ad vectors. While the 
pIX- or hexon-modified Ad vectors described above were generated by conventional 
methods, such as the homologous recombination system in Æ. coli®!~°> or a cosmid 
system,” we devised a simple method for constructing pIX- or hexon-modified Ad 
vectors by using in vitro ligation-based plasmid construction.” By expanding on 
our previous idea®? (Figure 6(B)), we constructed new vector plasmids containing a 
unique Xbal site in the coding regions of the C-terminal of pIX or HVRS5 of the hexon, 
so that heterologous peptide sequences could be inserted into pIX or the hexon. 

As the vector system shown in this section enables easy construction of cap- 
sid-modified Ad vectors displaying a peptide of interest, it has great potential for gene 
therapy and gene transfer experiments. 


5. Construction of Small-Interfering RNA-Expressing 
Adenovirus Vectors 


RNA interference (RNAi), which mediates the sequence-specific suppression of gene 
expression in a wide variety of eukaryotes by double-stranded RNA homologies to the 
target gene,’ is a powerful tool for the knockdown of gene expression. Transduction of 
synthetic small-interfering RNA (siRNA; 19 to 29 nucleotides of RNA) or the promot- 
er-based expression of siRNA in the cells results in sequence-dependent degradation 
of target mRNA and subsequent reduction of target gene expression. Most promot- 
er-based RNAi systems express short hairpin RNA (shRNA), which is then trimmed 
by Dicer, generating functional siRNA. Polymerase III-based promoters, such as the 
small nuclear RNA U6 promoter or the human RNase P RNA H1 promoter, are widely 
used for the expression of shRNA (siRNA),°° although polymerase II-based promoters 
are also used.°?:!0° The promoter-based method has an advantage in that both viral and 
nonviral vectors can be used for delivery of the siRNA expression unit, whereas only 
nonviral vectors are used for the delivery of synthetic siRNA. 

To construct Ad vectors expressing siRNA by the conventional recombination meth- 
ods described above (the improved in vitro ligation method or the homologous recom- 
bination method in £. coli), shRNA-coding oligonucleotides are introduced downstream 
of the polymerase III (or polymerase l)-based promoter cloned in a shuttle plasmid. 
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Figure 7 A method of constructing small-interfering RNA-expressing adenovirus vectors. 


An shRNA (siRNA) expression cassette, which is cloned in the shuttle plasmid, is then 
introduced into the E1 deletion region of the Ad vector plasmid, which clones a full 
Ad genome, by a simple in vitro ligation or homologous recombination in E. coli. The 
resulting plasmid is then linearized and transfected into 293 cells, generating an Ad vec- 
tor expressing siRNA. Therefore, two-step E. coli transformation and plasmid manipu- 
lation are required for the improved in vitro ligation method, whereas three-step E. coli 
transformation and plasmid manipulation are required in the homologous recombination 
method in E. coli. Ad vector-mediated delivery of an siRNA expression unit provides a 
valuable tool for both gene function studies and therapeutic applications. !0!:!°? 
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We developed a simple method for generating Ad vectors expressing siRNA, in 
which shRNA-coding oligonucleotides could be directly introduced into an Ad vec- 
tor plasmid containing the human U6 (hU6) promoter sequence! (Figure 7). In 
brief, the hU6 promoter sequence containing unique restriction enzyme sites (Clal/ 
Xbal or Swal/Xbal) at the transcription start region was introduced into a shuttle 
plasmid. The shuttle plasmids were then transferred into the E1 deletion region of 
one of the pAdHM plasmid series by the in vitro ligation method, resulting in new 
vector plasmids containing ClaI/Xbal or Swal/Xbal sites at the region downstream 
of the hU6 promoter sequence (pAdHM-hU6). To generate a recombinant vector 
plasmid for Ad vectors expressing siRNA, oligonucleotides for shRNA against a 
target gene are synthesized, annealed, and ligated with Clal/Xbal or Swal/Xbal-di- 
gested pAdHM-hU6. The oligonucleotides must be designed so that the recombinant 
vector plasmid containing the shRNA-coding sequence is redigested with Xbal, but 
not with Clal or Swal. By designing oligonucleotides like the one described above, 
the generation of self-ligated plasmids can be avoided by digestion of the ligation 
products with ClalI or Swal. Using this method, only one-step E. coli transformation 
is required to generate an Ad vector plasmid containing an siRNA expression cas- 
sette. This system should be useful for RNAi-based experiments,!°*!°> and might 
facilitate the development of an siRNA-expressing Ad vector library for functional 
screening. 


6. Conclusion 


Many systems have been developed to generate Ad vectors, each with its own advan- 
tages and disadvantages, depending on the experimental carrier used by individual 
investigators. A major advantage of the homologous recombination method in bac- 
teria is that any mutation can be introduced into the whole Ad genome, at a unique 
restriction site around the region to be mutated. The improved in vitro ligation method 
requires only routine molecular reagents and techniques and allows any laboratory to 
construct Ad vectors for gene transfer studies. Progress in the technology for the gen- 
eration of Ad vectors should make this vector more attractive for gene therapy, gene 
transfer experiments, and studies of gene function in basic research. 
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1. Adenovirus Biology 
1.1 Structure and Genome 


Adenoviruses are nonenveloped, icosahedral viruses of 60-90nm with a linear 
double-stranded DNA genome of ~36kbp. The genome can be divided into two sets 
of transcriptional units: early genes that are expressed before the onset of viral DNA 
replication and late genes that are preferentially expressed after viral DNA replication 
(Figure 1). This classification also defines the early and late phase of the infectious 
cycle. E1A is the first gene to be expressed following infection and is involved in the 
transcription of the other viral early genes. The mRNAs of the major late transcription 
unit are grouped into five families (L1—L5) that are dependent on the activation of the 
major late promoter during viral DNA replication. 


1.2 Infection and Replication Cycle 


The sequential uptake process relies on an initial contact with cellular receptors 
responsible for attachment! and internalization of the virus particle.? Internaliza- 
tion occurs by receptor-mediated endocytosis.’ Once in the cytosol, the virion is 
transported via microtubuli toward the nucleus. Meanwhile, the particle is disman- 
tled by an ordered elimination of structural proteins so that when it reaches the 
nuclear membrane, only the core particle is left. Adenovirus uncoating culminates 
with the release of the viral DNA into the nucleus via nuclear pore complexes.* 
The early genes are responsible for expressing mainly nonstructural, regulatory 
proteins.” These proteins alter the expression of host proteins that are necessary 
for DNA synthesis, activate other early genes (such as the virus-encoded DNA 
polymerase), and avoid premature death of the infected cell by the host-immune 
defenses. During viral genome replication, late-phase transcription is activated.° 
This infection phase is mainly focused on producing capsid proteins and pack- 
aging the replicated viral genomes. Structural proteins are assembled into viri- 
ons, viral DNA is packaged, and viruses are released from the cell as a result of 
virus-induced cell lysis (Figure 2). 
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Figure 1 Schematic representation of wild-type adenovirus genome and the different gen- 
erations of nonreplicating AdV. E1 to F4, early-region transcript units; L1 to L5, late region 
transcript unit; ITR, inverted terminal repeats; MLP, major late promoter; W, packaging signal, 
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Figure 2 Adenovirus replication cycle. Briefly, after cell binding (1), the mature viral particle 
is internalized and transported toward the nucleus (2). During this transport, the particle is 
dismantled by an ordered elimination of some structural proteins and culminates with the 
delivery of the viral genome into the nucleus via nuclear pore complexes. Once in the nucleus, 
early genes are expressed (3, 4) and viral DNA replication starts (5). Late phase of infection is 
then activated and structural proteins expressed (6, 7). These proteins are likely assembled into 
empty virions (8), followed by the packaging of viral genome (9). Finally, viral particles are 
subjected to a maturation process becoming infectious (10) and cell lysis is accomplished (11). 


Upstream Bioprocess for Adenovirus Vectors 141 





2. Manufacturing of Adenovirus Vectors for Gene Therapy 


Viral vectors are currently the most efficient tools for in vivo gene transfer. Due to 
their in vivo efficiency, adenovirus vectors (AdV) are used more often than any other 
vector in clinical trials (http://www.wiley.com/legacy/wileychi/genmed/clinical/), in 
which the human adenovirus vector (HAdV) serotypes 5 and 2 are the most charac- 
terized ones among all other serotypes of the same family.®-’ Adenovirus-wide cell 
tropism in quiescent and nonquiescent cells, its inability to integrate the host genome, 
and its high production titer make AdV very good candidates for human gene therapy. 


2.1. Adenovirus Vectors and Producer Cells 


The development of AdV is based on modifications of the wild-type genome mainly 
by removing viral gene(s) and adding expression cassettes with the gene(s) of interest. 
While these viral genes are essential for virus replication, to propagate AdV it is neces- 
sary to establish producer cell lines, that is, cells expressing the viral elements deleted 
from the vector genome. The AdV that are nonreplicating in a clinical setting and strictly 
used for gene transfer can be categorized as first-, second-, or third-generation vectors, 
depending on the extension of viral genes removed (Figure 1). The conditionally repli- 
cating vectors are another category of AdV and are designed to specifically target, prop- 
agate, and deliver gene(s) in cancer cells. 


2.1.1 First-Generation Vectors 


The majority of AdV used for gene therapy or many other therapeutic purposes are 
nonreplicating, in which the E1 region is deleted from the genome often in combi- 
nation with E3, providing space for the insertion of expression cassettes. Such ade- 
novirus vectors are denominated as first-generation or El1-deleted (AE1) vectors. The 
E1 region can be divided in E1A and E1B subunits and codes for products involved 
in the activation of other early and late gene expressions and in making host cells 
more amenable to initiate virus propagation (i.e., inhibition of antiviral response and 
apoptosis).?-!> Therefore, to produce AE1 vectors a producer cell line containing ade- 
novirus E1 sequences is necessary to complement these functions. On the other hand, 
the E3 region, which is involved in antagonizing host defense mechanisms, is not 
essential for viral amplification in vitro.'© Together, the deletion of E1 and E3 permits 
a transgene insert capacity of up to 8.2kb. HEK 293 represents the traditional cell line 
used to trans-complement the lack of E1 and produce AdV. Because of the significant 
homology of first-generation adenovirus vectors with the HEK 293 DNA, the main 
disadvantage in using HEK 293 is its potential to generate replication-competent ade- 
noviruses (RCA), raising safety concerns in a therapeutic product.!’~?! To avoid this, 
several cell lines were established under the rational of reducing the homology of 
viral DNA sequences incorporated in cell lines with viral vector genomes (reviewed 
in Kovesdi and Hedley).”* Following this effort, PER.C6 represents the first cell 
line in which the generation of RCA is abolished and typical adenovirus yields are 
ensured.? 
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The HEK 293 cell line was generated with sheared HAdV-5 DNA; however, 
the current strategy for generating producer cell lines for E1 complementation is 
through the incorporation of the contiguous sequences of E1A and E1B into the 
cell line genomes. Strategies to minimize any recombination between viral genome 
and cell DNA were further developed and involve the integration of E1A and 
E1B into the producer cell genome at separate locations.2+?> E1-complementing 
cell lines are the backbones for the remaining producer cells used for other ade- 
novirus vectors. 


2.1.2 Conditionally Replicating Vectors 


Conditionally replicating adenovirus vectors, also denominated oncolytic adenovi- 
ruses, have been employed for cancer treatment to specifically target and replicate 
in cancer cells.2°?° The lytic nature of adenovirus replication directly kills tumor- 
infected cells, releasing the associated antigens. On the other hand, progeny viruses 
can be spread throughout a tumor, further infecting and destroying other cancer cells. 

The construction of oncolytic adenoviruses is based on the deletion or modifi- 
cation of viral gene functions that are critical to viral replication in normal cells, 
but dispensable in tumor cells. This includes insertion of mutations in the E1A 
region,”?*° or deletion of E1B*!~? from the wild-type genome, to target cancer 
cells with defects in the retinoblastoma (Rb) and p53 pathways, respectively, as 
these pathways are defective in most human tumors. Another strategy for target- 
ing oncolytic adenoviruses replication in cancer cells involves the control of El 
transcription by using tumor- or tissue-specific promoters such as prostate-specific 
enhancer/promoter for prostate cancer,” or E2F-I for cancer cells with a defective 
Rb pathway.** In addition to these modifications, these vectors can further incorpo- 
rate genes encoding immune stimulatory factors to boost the antitumor immunity 
(reviewed in Choi and Yun),”* giving rise to the so-called armed vectors and to 
one of the most promising gene delivery systems for cancer therapy. Production 
of oncolytic adenoviruses is similar to that of first-generation vectors. Cell lines 
already established for first-generation vectors are used for the manufacture of these 
vectors and include HeLa,*° A549,3° HEK 293, and PER.C6.°’ 


2.1.3 Second-Generation Vectors 


Although the removal of the El region renders the virus replication defective, the 
delivery of high doses of first-generation vectors and/or the presence of E1-like fac- 
tors in many cells can lead to the expression of other viral proteins in vivo.2238~° 
This can induce a strong immune response, reducing the efficacy of these vectors. To 
circumvent that, further deletions in E2 and/or E4 regions were explored, leading to 
the establishment of second-generation vectors. The E2 region (E2A and E2B sub- 
units) codes for three proteins essential for viral replication: DNA-binding protein 
transcribed from E2A subunit, terminal protein, and viral DNA polymerase from E2B 
subunit.*! E4 products modulate transcription, the cell cycle, cell signaling, and DNA 
repair and are essential for productive virus infection,*” but only one of the ORF3 or 
ORF6 is required for successful virus production in cell culture.*3-*+ 


Upstream Bioprocess for Adenovirus Vectors 143 





Given the toxicity associated with E2 and F4 viral products, most of the cell lines 
for second-generation vectors rely on the use of an inducible system (reviewed in 
Kovesdi and Hedley).* Similar to first-generation vectors, the majority of E1/E2 and 
E1/E4 complementary producer cells lines use HEK 293 as the parental cell line. 

Despite the sophisticated systems available for second-generation vector man- 
ufacturing, including vector construct and incorporation of inducible systems in 
the producer cell lines, the use of these vectors remains without advances. In gen- 
eral, reduced production yields are obtained for vectors with multiple deletions. In 
fact, when compared to first-generation vectors, the yields of these vectors can be 
reduced, and no major improvement in toxicity is observed in vivo.?™45-50 More- 
over, the transgene expression of these vectors is also described as unstable, which 
probably made third-generation vectors a more suitable choice for increased safety 
and long-term transgene expression. (reviewed in Segura et al.).>! 


2.1.4 Third-Generation Vectors 


Third-generation vectors, also known as gutted or gutless, high-capacity, or help- 
er-dependent vectors (HDVs), are the most advanced AdV. They are devoid of all 
viral coding genes, only harboring on their genome the essential cis-acting ele- 
ments: inverted terminal repeats and packaging signal. This allows the insertion 
of therapeutic gene or genes up to ~37kb. Additional stuffer DNA is included to 
render vector genome size similar to that of the wild type and maintain viral particle 
stability.°? Apart from their increased safety, the use of these vectors results in long- 
term transgene expression (reviewed in Segura et al.).°'! To produce these vectors, 
while E1 functions are provided by the producer cell line, the remaining functions 
are provided by a helper vector (HV). In fact, the need for an HV increases the 
complexity of the production system, and it is the main disadvantage of these type 
of vectors. Adding HV to the production system implicates the production of both 
HDV and HV, raising the need to remove HV contamination from the final product. 
To date, the most elegant way to prevent HV propagation has been the approach 
described by Parks et al. in which the HV packaging signal is flanked by loxP sites, 
and under the expression of Cre recombinase the HV genome is cleaved (hamper- 
ing its encapsidation) and production of HV particles is minimized." Thus, besides 
E1, producer cell lines for HDV must further express Cre recombinase. Following 
the same approach, the FLPe recombinase system is also used to minimize HV 
contamination.>*> Similar to E1 trans-complementing cell lines, the most common 
producer cell lines using recombinase system are derived from HEK 293 cells, 
although PER.C6 cells are also used for that purpose (reviewed in Kovesdi and 
Hedley).?? Despite these efforts in the HDV production system, two major bottle- 
necks are still found when considering the use of HDV in patients: (1) HV contami- 
nation is still not fully eliminated and (ii) HDV production yield still faces the need 
for multiple amplification steps and inconsistency in infectious particles yields 
(discussed in Section 2.3). Despite these bottlenecks, because of the advantages 
of increased cassette incorporation, improved expression, and lower immunity it is 
worth promoting their further development.>! 
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2.1.5 Novel Adenovirus Vectors 


While most research on vector development is based on the utilization of human 
adenovirus serotypes 5 and 2, over 80% of the adult population have been naturally 
exposed to these viruses.°° Therefore, preexisting humoral and cellular immunity may 
preclude efficient gene transfer when these AdV are used.°’-©? Apart from limitations 
in therapeutic efficacy,°? immune responses against the vector may result in a num- 
ber of undesirable side effects, including liver toxicity® and systemic inflammatory 
response syndrome due to repeated vector administration.® Eliminating liver tropism 
and the epitopes involved in viral proteins recognition by neutralizing antibodies has 
been proposed to reduce the immune response. Alternatively, vectors based on low 
seroprevalence AdVs can be also be used to circumvent the preexisting immunity. In 
addition, the diversity of AdV protein isoforms and their variety of ligand-receptor 
interactions found in the different serotypes can also be the basis to target different cell 
types.© Adenovirus vectors derived from alternative human and nonhuman serotypes, 
to which the human population has a lower or no prevalence of neutralizing antibod- 
ies, are currently being investigated. 

Human subgroup B adenoviruses, and in particular serotypes 11 and 35, are being 
used to develop AdV (reviewed in Kovesdi and Hedley).”* Typically, E1 (both E1A 
and E1B)-deleted vectors from these serotypes cannot replicate in regular E1 producer 
cell lines already established for serotype 5 vectors, although E1 A-deleted vectors can 
be propagated in PER.C6 cells.®° These vectors are therefore produced by modifying 
the typical first-generation cell lines already available®’~”° or replacing vectors genes 
by HAdV5 sequences to permit viral propagation on unmodified cell lines, such as 
PER.C6.7! 

Several nonhuman adenoviruses derived from bovine, simian, porcine, ovine, 
murine, and canine sources have been used as backbone to develop El-deleted 
vectors for gene therapy or vaccine purposes (reviewed in Lopez-Gordo et al.).°? 
Table | summarizes the main nonhuman adenoviruses used as vectors and the 
corresponding cell lines. For the majority of nonhuman vectors, specialized E1 
producer cells have been developed to propagate these vectors, such as bovine kid- 
ney or fetal retinal cells expressing bovine or human adenovirus E1 sequences,” or 
canine kidney cells expressing the canine adenovirus type 2 (CAV-2) E1.73-’4 Chim- 
panzee-derived vectors of subgroup E can be produced on HEK 293 cells already 
developed.’>:’© However, similar to HAdV11 and HAdV35, chimpanzee-derived 
vectors of subgroup B cannot be propagated on these cells, and a chimeric strat- 
egy is used to allow propagation in HEK 293 cells.’”.’> CAV-2-derived vectors 
are probably the best described and advanced nonhuman vectors.’ The ability to 
preferentially transduce neurons combined with a remarkable capacity of axonal 
transport makes CAV-2 vectors candidates for the treatment of neurodegenerative 
diseases.*° Furthermore, third-generation CAV-2 vectors were already developed 
and tested in animal models, confirming their potential for gene transfer-based 
therapies.*!-8? In accordance, new producer cell lines’* and scalable bioprocess*®>-3+ 
were recently developed to facilitate the manufacture of CAV-2 vectors at larger 
scales and the regulatory approval for clinical grade production. 
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Table 1 Adenoviruses Used as Vectors and the Corresponding Cell 
Lines Used for Vector Production22,7>-78.8.126-144 


Serotype 


Species 


Genus 


Main Producer 
Cell Lines 





Nonhuman 





Canine 


Bovine 


Porcine 


Simian 


Murine 





HAdV-5, 
HAdV-2 
HAdV-11, 
HAdV-35 
CAdV-2 (or 
CAV-2) 
BAdV-3 
PAdV-3 
SAdV-21* 
SAdV-22 to 
SAdV25 
SAdV-7 


MAdV-1 


FAdV-1 
FAdV-10 
FAdV-9 
FAdV-8 


OAdV-7 





Human adeno- 
virus C 
Human adeno- 
virus B 
Canine adeno- 
virus A 
Bovine adeno- 
virus B 
Porcine ade- 
novirus A 
Human adeno- 
virus B 
Human adeno- 
virus E 
Human adeno- 
virus G 
Murine adeno- 
virus A 


Fowl adenovi- 
rus A 

Fowl adenovi- 
rus C 

Fowl adenovi- 
rus D 

Fowl adenovi- 
rus E 

Ovine adeno- 
virus D 





Mastadeno- 
virus 


Aviadenovi- 
rus 


Atadenovi- 
rus 





HEK 293, PER. 
C6 (reviewed 
in (22)) 


DK (73), MDCK 
(14, 83) 

FBRT (126, 127), 
MDBK (128) 

FPRT (129-131) 


HEK 293 
(75-78, 132) 


L929 (133), 
A549 (134), 
3T6 
(135, 136) 

CH-SAH 
(137), LMH 
(138-141) 


CSL503 
(142-144) 








HEK293, human embryonic kidney cells; PER.C6, human retinal cells; DK, dog kidney; MDCK, Madin-Darby canine 
kidney; FBRT, fetal bovine retinal cells; MDBK, Madin-Darby bovine kidney; FPRT, fetal porcine retinal cells; L929, 
murine fibrosarcoma cells; A549, carcinomic human alveolar basal epithelial cells; 3T6, murine embryonal fibroblast 


cells; CH-SAH, chicken hepatoma cells; LMH, chicken hepatocarcinoma cells; CSL503, sheep fetal lung cells; * chimera. 


2.2 Upstream Process for Adenovirus Vectors 


An adenovirus production process starts by growing the cell line of choice to the 
desired cell density for infection followed by the inoculation of an adenovirus 
stock to initiate the infection and virus production cycle (Figure 3).°° The need 
for significant amounts of clinical grade AdV, which in some cases may reach 
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Figure 3 Typical profile of an adenovirus production process, including cell growth, 
viability, and infection kinetics. After inoculation, cells grow exponentially and are usually 
infected at the end of exponential growth phase (represented by an arrow). Viral particles 
are assembled intracellularly. Due to the lytic nature of adenovirus propagation, cell lysis 
is induced after the production of viral particles. As a result, cell concentration and viabil- 
ity decrease and viral particles are released to the supernatant. (@) Cell concentration at 
infection (CCI); (M) time of infection (TOI). (Adapted from Altaras et al.35) 


10!3 total particles/patient (10!! infectious particles/patient), requires efficient and 
robust processes for production and purification at a large scale compliant with 
good manufacturing practices (GMP).° From a scalable point of view, the produc- 
tion of AdV encompasses several bioengineering aspects that must be carefully 
undertaken to maximize bioprocess yields and reduce production costs. In this 
section, process considerations for the adenovirus production will be discussed, 
mostly focusing on first-generation vectors, as the main bioprocess advances have 
been achieved with these vectors. 


2.2.1 Cell Culture and Adenovirus Production Process 


Adenovirus production processes can be performed in static or stirred cultures. From 
a scalable point of view, stirred cultures are preferred. The use of microcarriers rep- 
resents the most common approach for transferring adherent cells to stirred culture 
systems. The initial steps of microcarriers preparation and cell seed from adherent cul- 
tures represent the main drawback when using this system,*° since cell manipulation is 
cumbersome when working at larger scales. Most of the production processes for ade- 
noviruses reported in the literature use cells growing in suspension (reviewed in Silva 
et al.).°’ Although adaptation of cells to grow in suspension can be time-consuming at 
the expense of lowering cell-specific productivity, suspension cell lines are preferred 
as they greatly facilitate large-scale productions. Furthermore, the adaptation of cells 
to suspension involves transference to serum-free culture medium, which represents 
an additional advantage for biopharmaceutical production. 
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In general, the medium is first chosen and optimized for its ability to support cell 
growth. During the infection and vector production phase, the specific consumption 
rate of several medium components is increased, and must be taken into account when 
defining the final medium formulation. Also, cells cultured with media containing 
animal serum should be avoided. The undefined composition and high batch-to-batch 
variability of serum, together with its potential source of contaminations raises safety 
concerns and hinders the standardization of cell culture processes for the production 
of biopharmaceuticals.8® Almost all media manufacturers commercialize serum-free 
formulations designed and optimized for specific cell lines and/or final product. 

The majority of scalable adenovirus manufacturing processes are performed in 
stirred-tank bioreactors both for microcarriers and for suspension cultures.8’ Techno- 
logical advances in disposable equipments, such as single-use Wave and stirred-tank 
bioreactors, have been shown by several companies (e.g., GE Healthcare, Sarto- 
rius, PBS). The use of such systems poses several advantages for GMP production 
by avoiding the need for cleaning and sterilization validation and alleviating facility 
requirements. Therefore, the increasing use of disposable equipment for adenovirus 
manufacturing is anticipated. 


2.2.2 Adenovirus Seed Stocks 


AdV viral particles must be rescued from the initial vector genome construct. This 
is usually performed by linearization of vector genome from the plasmid, and trans- 
fection of producer cells. Viruses are then harvested once cytopathic effect (CPE) 
is evident or, as alternative, 2-3 days after transfection. This procedure is typically 
performed under static culture conditions. When working with producer cells easily 
transfectable and first-generation vectors, the rescue of viral particles after this trans- 
fection step is relatively high, and one or two more production rounds are performed 
to amplify the amount of viral vectors and establish a purified viral seed stock. In such 
cases, scalable production processes are usually established once a purified viral seed 
stock is obtained. When developing viral vectors that typically present low produc- 
tivities, such as HDV, process development is defined from the transfection step to 
the final viral seed stock production to maximize working-scale and volumetric pro- 
ductivity in all steps and minimize the number of amplifications required to produce 
sufficient viral material®> (discussed in Section 2.3.). 

For GMP production, the purified viral seed stock must be certified and tested to 
confirm the absence of adventitious agents (see Section 3.1). On the other hand, the 
use of well-established purified viral seed stocks is advised even for research purposes 
as it ensures reproducibility between different production batches. Therefore, deter- 
mination of viral particles, physical to infectious particles ratio, and selection of best 
storage conditions are carefully undertaken to ensure that the properties of particles 
from the viral seed stock are maintained.*? 


2.2.3 The Infection Process and Harvest Strategy 


The production process starts once producer cells are growing and then infected 
afterward and the newly produced adenoviruses are harvested at the end of the 
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process (Figures 2 and 3). Defining the best process-related parameters, such as 
multiplicity of infection (MOI), cell concentration at infection (CCI), time of infec- 
tion (TOI), and time of harvest (TOH), is the determinant to ensure an optimal 
production process. Because adenovirus infections are relatively fast and lytic, pro- 
cesses are established as single-round infections with MOI>1 to ensure that all cells 
are infected. Although MOI>1 needs to be established, infecting the cells with more 
virus than those optimally required may have a negative effect on cell viability, 
compromising virus productivity. TOI or CCI is usually selected when cells are at 
the exponential growth phase. For adherent, static cultures, cells are infected when 
60-80% confluence is achieved, while for stirred cultures the typical cell density 
range used for adenovirus production is 0.5-1 x 10° cells/mL in batch mode with 
medium exchange at infection. To produce adenoviruses above this cell density and 
maintain cell-specific productivity, fed-batch or perfusion modes must be added to 
the bioprocess (discussed in Section 2.2.5.). 

After infection, the cell growth is arrested within 24 hpi. Viral DNA replication and 
virus assembly occur between 10—24 hpi and 20-48 hpi, respectively. As virus produc- 
tion progresses, cell viability decreases after 24 hpi. Typically, at 48 hpi, when the vol- 
umetric virus productivity reaches its plateau, the cell viability is around 40-80%. At 
this point, a percentage of the virus (between 10 and 50%) has already been released 
from lysed cells, but the rest of the virus remains intracellular. The cultivation process 
can proceed further with no significant increase in virus production, but with a signifi- 
cant increase in virus found in the culture medium. Harvest timing and method can be 
tailored to the entire bioreaction bulk, or only to the intra- or extracellular fractions. 
The remaining cells are lysed either by freeze-thaw cycles*° or using a detergent.?°?” 


2.2.4 Productivity of Adenovirus Vector Manufacturing 


One of the most attractive features for AdV, namely AE1-deleted vectors, is the high 
production yields obtained when compared to other viral vectors. Typically, titers of 
AE1-deleted vectors range from 103 to 10* IP per cell, whereas genome-containing 
particles are one log higher (reviewed in Silva et al.).°’7 Considering the usual CCI 
used for adenovirus production, this corresponds to a volumetric productivity of 10°- 
10!9IP/mL or 10!°-10!! PP/mL. It is also worth noting that such yields are dependent 
on AdV construct and culture conditions. Some production processes for HDV are 
described as holding relatively low specific (102IP/cell) and volumetric (108IP/mL) 
titers?®-°° or inconsistent PP:IP ratios!°. In addition, cell-specific productivity under 
batch mode is limited to CCI below 1 x 10° cells/mL; producing adenoviruses above 
this cell concentration results in lower specific yields (see Section 2.2.5). Finally, a 
cell’s physiological state can also impact the infectivity of the newly produced adeno- 
viruses. Indeed, when producing adenoviruses with MOI higher than the optimal, the 
resulting PP:IP ratio tends to increase. 


2.2.5 Adenovirus Production at High Cell Density 


In a batch operation mode, the cell density at infection is a very important parameter 
as it impacts virus production. In fact, the narrow range for an optimal infection cell 
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density between 0.5 and 1.0 x 106 cells/mL is well documented (reviewed elsewhere).*° 
A drop in specific productivity at higher cell densities occurs even though medium for- 
mulations allow cell growth up to 5 x 106 cells/mL. This is often referred to as the “cell 
density effect.” While this phenomenon is not totally understood, the decrease in pro- 
ductivity is thought to be due to limitations in a nutrient critical for virus propagation, 
accumulation of inhibitory by-products, or a combination of both.!°! Following this 
hypothesis, the typical approach for maintaining cell-specific productivity at increased 
cell densities consists of exchanging medium at infection time. This operation mode, 
widely used for viral vector production, enables maximum cell-specific productivity 
up to 2x10®cells/mL. The main limitation of such approach is the incorporation of 
a medium exchange/cell separation step. While at scales of few liters, this is rela- 
tively easy to perform by centrifugation, when dealing with hundreds or thousands of 
liters such manipulation is highly cumbersome. At these scales, fed-batch or perfusion 
are more feasible approaches. Several fed-batch approaches were devoted to adeno- 
viral production based on the control or addition of glutamine, glucose, and amino 
acids. !°?-!04 Despite the simplicity of implementation, most of the fed-batch strategies 
toward maintaining cell-specific productivity have failed. 

Perfusion processes are capable of achieving high cell densities, through a contin- 
uous renewal of fresh medium, providing new nutrients and diluting/removing inhibit- 
ing by-products. Therefore, perfusion must be such that nutrient supply and by-product 
removal rates are sufficient to ensure robust cell performance at increasing cell concentra- 
tion. The perfusion rates described for adenovirus production can range from 0.5 to 3 cul- 
ture volumes per day (V/day), with 2 V/day the rate mostly used.*>-!°°-!°7 When compared 
to low cell density batch productions, specific productivity of HEK 293 cells infected at 
3—6 x 10° cells/mL was maintained, which constituted a 5-fold increase in the final pro- 
duction yield.!°-!°7 The highest cell density tested to successfully produce adenoviruses 
under perfusion mode is described in Yuk et al.*> using Hela cells at 107 cells/mL. 

Other efforts were made to better understand the cell density effect. The specific 
metabolic demands of producer cells during growth and virus production have been 
analyzed through a metabolic flux analysis approach, showing that a favorable meta- 
bolic state for adenovirus production should have an increase in glycolytic and TCA 
fluxes,!°7:!8 and in ATP production rates on infection. This state is also extended to 
perfusion modes.!°’ Furthermore, it was demonstrated that a decrease in the proportion 
of cells in the S phase was related to a decrease in specific productivity at high cell den- 
sities.!°° Following this observation, the synchronization of HEK 293 cells chemically 
or by lowering temperature led to an enrichment of cells in the S phase and up to a 
7.3-fold increase in AdV cell-specific titer.!!° Despite these insights, perfusion modes 
still remain the best strategy for successfully producing AdV at high cell densities. 


2.2.6 Physical Parameters and Process Monitoring 


Physical parameters such as temperature, pH, and dissolved oxygen (DO) are usually 
well established when manufacturing AdV at larger scales. The impact of such param- 
eters on AdV production has been previously reviewed*>:*’; therefore only optimal 
values used to produce AdV are discussed. 
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Production of adenoviruses is typically set to a cell growth temperature of 37°C, 
although previous works showed that by decreasing the temperature to 35°C an 
improvement in virus production can be obtained. The common pH values for ade- 
noviruses have been established as 7.2-7.3. On the other hand, production of canine 
adenoviruses in a stirred-tank bioreactor at pH 7.4 showed production yields similar to 
those of human adenoviruses. Despite the lack of reports addressing the effect of DO 
on adenovirus production, most of the controlled processes set DO to values higher 
than 30%.8°87 

Small-scale productions are typically monitored with offline sampling. While such 
offline methods can be used to monitor some parameters, such as cell concentration 
and pH, online methods are very useful for stirred-tank bioreactor production at a 
large scale, especially to select TOI and TOH. The cell/infection status can be moni- 
tored through a variety of noninvasive online measurements. In particular, cell density 
can be estimated by the oxygen uptake rate and the capacitance levels,!°”:!!!-!!? as they 
can also be used to monitor infection kinetics and confirm the maximum productivity 
point and harvest timing. 


2.3 Production Process for Helper-Dependent Vectors 


Despite the potential of HDV, extensive use of such vectors for gene transfer experiments 
has been restrained by two main bottlenecks: production yields and HV contamina- 
tion. Similar to first-generation vectors, HDV particles must be rescued from linearized 
plasmid after transfecting producer cells. To provide all the viral elements required for 
HDV replication, cells must also be infected with HV (see Section 2.1.3). Typically, low 
yields from this initial step are obtained and/or multiple rounds of HDV production are 
needed until the desired vectors titer is achieved. Reducing the number of amplifications 
is a primary condition for establishing a robust production process. This also minimizes 
the possibility of recombination between HV/HDV and producer cell line, avoiding the 
occurrence of RCA, packaging-competent or recombinant HV, which have a propaga- 
tion advantage when compared to HDV.!!3-114 Therefore, the most significant advances 
for scalable production of HDV are designed early in the transfection step to maximize 
volumetric productivity and set amplification rounds to its minimum.°? 

The importance of a recombinase system, such as Cre/loxP, with high levels of Cre 
to avoid HV propagation is unquestionable.!'> In fact, considering that the remaining 
HV contaminant was due to limiting Cre levels that permitted HV to escape packaging 
signal excision,!'!> major advances were made to increase the levels of recombinase 
during HDV production.!°° Moreover, the definition of optimal MOI ratio showed a 
critical impact either in maximizing HDV propagation or in reducing HV contamina- 
tion. The use of high HV MOL besides being unnecessary and even negative for HDV 
production,’® implicates the development of alternative designs to attain higher levels 
of Cre than those supported by the cell line to reduce HV contamination.!°° Further, 
this also leads to the accumulation of higher levels of excised helper DNA molecules 
(after Cre recombinase excision), increasing the chance of recombination between 
viral vectors. In fact, some authors showed that these helper DNA molecules, being 
prone to rearrangements, contributed to the generation of recombination between viral 
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vectors, in which HV with rearranged genomes had a growth advantage.!!* In addi- 
tion, some studies show a relatively high and/or great inconsistency in maintaining 
PP:IP ratios among different preparations of the same HDV.!00%:116 Special attention 
must be paid to this, as the PP:IP ratio of clinical grade adenoviruses is limited by 
Food and Drug Administration (see Section 3.4.). 


2.4 Downstream Process for Adenovirus Vectors 


Since downstream processing is not in the scope of this chapter, only a brief over- 
view is presented. Traditional purifications of AdV are performed by cesium chloride 
(CsCl) density gradient ultracentrifugation. While useful for preparations at labora- 
tory scales, scalable purification of AdV relies on membrane and chromatographic 
processes.®>-!!7:!!8 The main aim of downstream processing is to eliminate contam- 
inants, either process related (e.g., bovine serum albumin, Benzonase, extractables, 
and leachables) or product related (e.g., host cell proteins, DNA, proteoglycans, and 
glycosaminoglycans); other product-related impurities include free proteins, aggre- 
gates, and empty capsids.!!° The ultimate goal is to obtain a product with high purity, 
potency, and quality, which can meet the stringent guidelines of the regulatory author- 
ities, such as the FDA and the EMA. After harvesting and prior purification two main 
steps are employed to production bulk: cell lysis, to release intracellular adenoviruses 
and increase the yield, and genomic DNA breakdown, to facilitate DNA removal. 
Purification can then be divided into three major steps: clarification, concentration/ 
purification, and polishing. A suitable clarification step should remove cell debris and 
large aggregates and can be performed by centrifugation, widely used at laboratory 
scales, continuous flow centrifugation, and/or microfiltration at industrially relevant 
scales.®>:!!7.!20.121 The concentration/purification step aims to reduce the stream volume 
and facilitate the upfront equipment and materials. In this step, low-molecular-weight 
proteins, fragmented DNA, and other impurities are further removed and ultrafiltration 
or chromatography columns are usually employed.**:!!’!?* The step of polishing is 
usually performed using chromatographic processes and applied to remove remaining 
impurities closely related to the product of interest.*°:!?* The final step for the produc- 
tion of GMP-grade adenovirus product is a filtration using a 0.2 um sterile membrane. 
In the final product, host cell DNA and protein levels should be below the specifications 
set by the European Pharmacopoeia (Ph. Eur 5.2.3) and the World Health Organiza- 
tion (WHO Expert Committee on Biological Standardization, WHO Technical Report 
Series 878, 47th report, 1998),!!8 


3. Concerns in the Manufacturing of Adenovirus Vectors 
for Clinical Product Release 


For vaccines intended for human use, and before the release of adenovirus vectored 
products, tests including those for potency, general safety, sterility, purity, iden- 
tity, and constituent materials are performed. In addition, screenings for bacterial 
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endotoxins and pyrogens are added when the product is intended for use by injec- 
tion (US. Pharmacopeial Convention and USP-NF bulletin, http://www.usp.org). 
Every biopharmaceutical has its own characteristics that are considered when 
developing and qualifying these tests. Therefore this section is focused on the tests 
used in the manufacturing process of AdV extraneous agents, RCAs, vector genetic 
stability, and quantity/potency. 


3.1 Extraneous Agents 


Viral inactivation and clearance steps are generally performed in the production of 
inactivated vaccines. These steps help in removing potential extraneous agents from 
the final product. However, these procedures cannot be applied in AdV for gene ther- 
apy, as their bioactivity is critical for gene transfer. Thus safety strategies need to be 
implemented to lower the risk of introduction and carryover of contaminants, such as 
extraneous agents, adventitious viruses, and transmissible spongiforme encephalopa- 
thy-causing agents. According to good manufacturing practices, a track record of all 
the materials used in the construction and manufacture of AdV must be kept. Master 
cell banks and master viral seeds must be extensively tested to confirm the absence 
of adventitious viruses according to the ICH Q5A and Q5D guidelines. The use of 
animal-derived components should be avoided as much as possible, as it represents a 
potential source of contamination.*® In situations where the use of animal components 
is unavoidable, excellent traceability and testing are performed to discard any risk of 
entry and transfer of extraneous agents to the manufacturing process. Screening for 
adventitious agents has relied on the use of in vitro infectivity assays, in vivo studies, 
and specific polymerase chain reaction (PCR) tests. More recently, massive parallel 
sequencing has also been applied to this end.!? 


3.2 Replication-Competent Adenovirus 


Contamination of clinical batches with RCA is an important safety concern. Possible 
consequences include increased local inflammatory responses and tissue damage due 
to uncontrolled systemic replication in immune-compromised individuals. Although 
the issue of RCA formation by homologous recombination was solved by the intro- 
duction of new cell lines such as PER.C6 (see Section 2.1), regulatory agencies still 
require testing to confirm their absence in clinical batches.!!8 The maximum con- 
tamination level is set to one RCA per 3x10! VP and is based on the current FDA 
guidelines for HAdV5 vectors (FDA Gene Therapy Letter, 2000). The detection of 
replicating virus is based on the screening for a CPE after inoculating noncomple- 
menting cell lines. CPE-positive results are then confirmed by a more specific assay 
such as PCR or immunofluorescence. !7+ 


3.3 Vector Genetic Stability 


To confirm product stability throughout the manufacturing process, the genetic sta- 
bility of the viral vector is tested. To demonstrate this, viral vectors are propagated 
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for a number of passages beyond the level used in production, generally five pas- 
sages (more information at US. Pharmacopeial Convention and USP-NF bulletin, 
http://www.usp.org). Mutation frequency in replication-deficient adenovirus is con- 
sidered rare; however, such analysis is important for evaluating that transgene region 
and corresponding expression are maintained, and critical when considering the use of 
oncolytic adenoviruses, which, unlike gene transfer-strict vectors, are intended to fur- 
ther propagate in a clinical setting.?” Extended propagation permits the detection of any 
recombinant or mutant vector that has a replication advantage over the target vector. 
For this purpose, PCR detection combined with sequence analysis of PCR fragments 
can be used for screening any variations in transgene sequence that might occur.!!® 


3.4 Quantity and Potency 


Quantification of viral particles is important for monitoring yields during process 
development and also in the final product to control the amount of viral protein 
injected within an acceptable safety window. Typically, absorbance measurements 
are used to quantify physical particles based on the correlations between adenovirus 
preparations and absorbance at 260 nm described by Maizel et al.!45. While these mea- 
surements require purified and concentrated preparations, alternative methods have 
been developed to allow adenovirus quantification during process development and, 
simultaneously, improve the limit of detection.*° 

Adenovirus vectors exert their clinical effect by transducing target cells. Therefore, 
quantification of infectious particles is required during the overall production process, 
for product release, and stability assessments of viral preparations. In fact, a parameter 
considered to represent the quality of preparations is the ratio between the amount of 
physical and infectious particles. For gene therapy programs using adenoviruses, the 
PP:IP ratio must be <30:1 (FDA Gene Therapy Letter, 2000). 

Standard plaque assays or tissue culture infectious dose (TCIDs 9) assays using 
complementing cell lines can be employed to quantify infectious titers. To improve 
the accuracy and precision of these assays, alternative methods can be applied that are 
based on quantitative PCR techniques or on the detection of the transgene expression. 


4. Conclusion and Future Directions in Adenovirus 


Bioprocess the development of a high-yield AdV production process requires an inte- 
grated approach, in which the interplay of producer cell line specifications, cell culture 
characteristics, bioprocess parameters, and viral construction should be considered to 
fully maximize AdV production and clinical efficiency. 

While bioprocess advances have been traditionally focused on first-generation 
HAdVS5, special attention is now being paid to the next generation vectors, including 
alternative human and nonhuman serotypes or chimeras. Intrinsically linked to new 
vectors is the design of complementing cell lines suitable for production. In some 
cases, this implicates the development of specialized producer cell lines. Alterna- 
tively, when developing new vectors (namely those from human serotypes), it is worth 
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considering a chimeric approach, that is, incorporate further vector modifications that 
would allow manufacturing on the already established producer cell lines. This would 
accelerate vector development and overcome licensing/regulatory considerations 
when using new cell lines. Regardless of the strategy used, the ideal production sys- 
tem must be designed to fulfill both vector attributes (appropriate tropism, low PP:IP 
ratio, limited preexisting immunity in the target population) and vector productivity. 
Also included in the next generation vectors are HDVs. Despite some effort, the large- 
scale manufacturing is considered underdeveloped, possibly because HDV produc- 
tivities and PP:IP ratios are still difficult to manage from a bioprocess and clinical 
point of view. Nevertheless, considerable progress in reducing HV contamination?®:!0° 
and reduce HDV amplification steps”? has been recently achieved. Moreover, under- 
standing bottlenecks from an adenovirus life cycle perspective would be an important 
approach for identifying and hopefully overcoming the current limitations found in 
the manufacturing of these vectors. 

The currently disposable and single-use bioreactors available are key process modi- 
fications that will contribute significantly in lowering the cost of goods and streamline 
adenovirus production processes. On the other hand, final manufacturing processes and 
costs are dependent on the success of adenovirus production at high cell density, which 
still remains underdeveloped. A better understanding of viral amplification and cell 
physiology will contribute to the elaboration of an improved viral cell system for high 
viral-specific productivities at high cell density. For instance, increasing knowledge of 
the metabolic requirements for cell growth and viral production by metabolic flux analy- 
sis might allow improvements of viral productivities and surpass the “cell density effect” 
by the manipulation of energy metabolism, as already shown for other systems. !2° 
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1. Introduction 
1.1 Scope of the Paper 


Gene therapy aims at the introduction of gene(s) into somatic cells of humans for 
therapeutic purposes. The success of gene therapy is therefore dependent on the effi- 
ciency by which a therapeutic gene can be transferred to the patient’s target tissues. 
In many cases, viruses are exploited for gene transfer purposes, and in particular gene 
transfer vectors derived from adenoviruses (adenoviral vectors) are often used to 
achieve this (for review see Ref. 1). 

The reason for this is that adenoviral vectors: 


* efficiently transfer genes to many different cell types, 

* can be propagated on well-defined production systems to high yields, and 

* are very stable, which makes purification and long-term storage possible, thereby making 
pharmaceutical production feasible. 


This contribution will focus on the production systems for clinical lots of adeno- 
viral vectors. Particular attention will be paid to the generation and use of comple- 
mentation cell lines that carry the E1 genes. Particular emphasis will be on the PER. 
C6™ cell line, which was developed to prevent generation of replication competent 
adenovirus (RCA) during propagation of El-deleted adenoviral vectors. In addition, 
safety issues with respect to the use of the cell line for making clinical-grade material 
will be addressed. 


1.2 Adenoviruses 


Human adenovirus was isolated for the first time in 1953 from cultured adenoidal tis- 
sue.™ Since then, 51 different serotypes have been isolated from various tissues and 
excretions of humans, of which serotypes 42—51 were obtained from immunocompro- 
mised individuals. A serotype is defined on the basis of its immunological distinc- 
tiveness as judged by quantitative neutralization with animal antisera (horse and rabbit). 
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If neutralization shows a certain degree of cross-reaction between two viruses, distinc- 
tiveness of serotype is assumed if (1) the hemagglutinins are unrelated, as shown by 
lack of cross-reaction on hemagglutination—inhibition, or (2) substantial biophysical/ 
biochemical differences in DNA exist.’ 

Human adenoviruses are subdivided into six different groups (A-F), which are 
based mainly on differences in hemagglutination, restriction enzyme analysis, and 
DNA homology.’ The adenoviruses were found to be associated with different disease 
patterns (see e.g., Refs 9,10). In addition to the human adenoviruses, some 40 different 
serotypes have been isolated from various animal species.!! 

All adenoviruses possess a DNA molecule that is surrounded by a capsid consisting 
essentially of hexon, penton base, and fiber proteins. The virion has an icosahedral 
symmetry and, depending on the serotype, a diameter of 60-90 nm. 

The well-characterized adenovirus serotypes 2 and 5 have a linear double-stranded 
DNA genome of approximately 36,000 base pairs (bp) (Figure 1). Other adenoviruses 
have genome sizes ranging from 30 to 38 kbp. The genome contains, at both its ends, 
identical inverted terminal repeats (ITRs) of approximately 90-140 bp with the exact 
length depending on the serotype. The viral origins of replication are within the ITRs 
exactly at the genome ends. Sequences required for encapsidation (W) of the viral 
genome are located in a region of approximately 400 bp downstream of the left ITR. 

The structure of the adenoviral genome is described on the basis of the adenovirus 
genes expressed following infection of human cells, which are called early (E) and late 
(L), according to whether transcription of these regions takes place prior to or after 
onset of DNA replication. 

Infection of a target cell starts by interaction of the fiber with a receptor on the 
surface of the cell. Many, but not all,!? adenoviruses use the coxsackie—adenovirus 
receptor for this,!>!4 which is present on the cell surface. Integrins act as second- 
ary receptors by binding to the viral penton-base protein. Subsequently, the virus is 


wy E1 pix L1-L3 L4 E3 L5 
m 
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Figure 1 Map of the adenovirus genome. The 36kbp (base pairs) (for adenovirus type 5) 
double-stranded DNA molecule is usually divided into 100 map units (mu). The early (E) 

and late (L) regions are indicated on the map. The ITR (inverted terminal repeats) sequences 
are identical, inverted, terminal repeats of approximately 100 bp, depending on the serotype, 
which are required for replication. ¥ is a stretch of sequences involved in packaging of the 
viral DNA into particles. E1 comprises the E1A and E1B region, both encoding two proteins, 
which are described in detail in Section 1.3. E2A encodes the DNA-binding protein, E2B, the 
precursor terminal protein and DNA polymerase. E3 encodes a number of proteins that are 
predominantly involved in modulating the host’s immune response against adenoviral-infected 
cells. E4 proteins (6 in total) are involved in modulation of gene expression and viral replica- 
tion, mainly through interactions with the host cell. [Va2 (transcriptional activator of major 
late promoter) and pIX (essential for assembly of the virion) are intermediate proteins. L1-L5 
encode the late proteins, which are mainly capsid proteins, including penton (L2), hexon (L3), 
hexon-assembly (L4), and fiber (L5) protein. 
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internalized by receptor-mediated endocytosis. The adenoviruses escape from the 
endocytic vesicles (or receptosomes) by virtue of a change in the configuration of the 
virion surface due to the low pH in these vesicles. As a consequence, the virus parti- 
cles are released in the cytoplasm of the cell, where they are further degraded,!> with 
the DNA ending up in the nucleus, where a complex with histone proteins is formed, 
which may attach to the nuclear matrix for replication.!° 

The adenovirus DNA is usually not integrated into the host cell chromosomal DNA 
but remains episomal (extra-chromosomal) unless transformation or tumorigenesis 
has occurred. 


1.3 Adenovirus Replication 


As indicated before, a productive adenovirus infection is divided into two distinct 
phases: the early (E) and the late (L) phase. In the early phase, the so-called early 
genes (E1, E2, E3, and E4) of adenovirus are expressed to prepare the host cell for 
virus replication. During the late phase, actual viral DNA replication and production 
of viral structural proteins takes place, leading to the formation of new viral particles. 

Adenovirus replication requires both host-cell proteins and viral proteins (for 
reviews see Refs 8,16). The cellular proteins needed for replication are nuclear factors 
I, II, and HI,!6 which are involved in initiation of viral DNA replication and elonga- 
tion, as well as in increasing the efficiency of replication. 

Adenovirus DNA replication starts with expression of the “immediate early” E1 
genes. The El region comprises two different transcription units, E1A and EIB. 
The main functions of the E1A gene products are (1) to induce quiescent cells to enter the 
cell cycle and resume cellular DNA synthesis, and (2) to transcriptionally activate 
the E1B gene and the other early regions (E2, E3, and E4). The E1A region encodes two 
major RNA products, 12S and 13S, which are generated by one transcription unit and 
which differ in size due to alternative splicing. The RNAs encode acidic proteins of 
243 and 289 amino acids, respectively (for adenovirus 5). These are phosphorylated 
proteins present in the nucleus of the cells. In addition, during lytic infection mRNA’s 
of 9S, 10S, and 11S are produced, but these proteins were found to be not essential for 
adenoviral replication.!7:!8 The function of these proteins has not yet been resolved. 

The E1B region codes for one 22S mRNA, which is translated into two proteins, 
with molecular weights (for adenovirus 5) of 21kDa and 55kDa. E1B proteins assist 
EIA in redirecting the cellular functions to allow viral replication. The EIB 55-kDa 
protein forms a complex with the E4 open reading frame 6 (ORF6) 34-kDa protein, 
which is localized in the nucleus.!%.”° Its main function is to inhibit the synthesis of host 
proteins and to facilitate the expression of viral genes. In addition, it also blocks the p53 
tumor-suppressor protein, thereby inhibiting apoptosis.*! The E1B 21-kDa protein is 
important for quenching the cytotoxic effects to the target cells induced by E1A proteins. 
It has anti-apoptotic functions similar to the human Bcl-2 protein, which is important 
for preventing premature death of the host cell before the virus life cycle has been com- 
pleted.” Mutant viruses incapable of expressing the E1B 21-kDa gene product exhibit a 
shortened infection cycle that is accompanied by excessive degradation of host cell chro- 
mosomal DNA (deg-phenotype) and in an enhanced cytopathic effect (cyt-phenotype).”° 
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The E2 region encodes three different proteins that function in viral DNA repli- 
cation: an Ad-specific DNA polymerase, the precursor terminal protein (pTP), and 
the DNA-binding protein.! The DNA-binding protein, which is encoded by the E2A 
gene, binds to single-stranded DNA and is involved in unwinding duplex DNA. It 
might also be involved in the regulation of transcription. The precursor of the termi- 
nal protein (pTP) and the DNA polymerase, which are present as a heterodimer, are 
encoded by the E2B region. The pTP is attached to the adenoviral DNA and is cleaved 
by the viral protease late in infection. It has a function in protection of the DNA from 
nucleolytic breakdown and in attaching the adenoviral DNA to the nuclear matrix, 
which may localize the viral genome to areas of the nucleus in which high concentra- 
tions of replication and transcription factors are present. The polymerase is involved 
in the synthesis of new DNA strands. 

None of the E3 products is required for virus replication. They do, however, play 
an important role in virus multiplication in vivo, since they protect virus-infected cells 
from being eradicated by the host’s immune response (for review see Ref. 9). 

Several differentially spliced mRNAs are synthesized from the E4 region during 
infection, and six different polypeptides have been identified in infected cells.2* These 
proteins are involved in modulation of gene expression and viral replication, mainly 
through interactions with the host cell. 

The E4 ORF3 as well as E4 ORF6 encoded proteins are involved in posttranscrip- 
tional processes that increase viral late protein synthesis. They do so by facilitating 
the cytoplasmic accumulation of the mRNAs encoding these proteins and by expan- 
sion of the pool of late RNAs in the nucleus, most likely by influencing splicing. In 
addition, the E4 ORF6 encoded protein forms a complex with the E1B 55-kDa protein 
that selectively increases the rate of export of viral late mRNAs from the nucleus. The 
complex is located in so-called viral inclusion bodies, the region where viral DNA 
replication, viral late gene transcription, and RNA processing occur.” The E4 ORF6 
protein, either alone or in a complex with the E1B 55-kDa protein, binds the cellular 
protein p53 thereby blocking its potential to activate the transcription of tumor- 
suppressing genes.?°?/ 

E4 ORF! sequences are related to (UTPase enzymes. It has been hypothesized that 
this gene has a role in stimulating quiescent cells.?4 

The E4 ORF4 protein binds to protein phosphatase 2A, which results in hypo- 
phosphorylation of some proteins, including the adenovirus E1 proteins. This perhaps 
limits cytotoxic effects of E1A and may lead to a more productive infection. It is also 
in line with the observation that E4 ORF4 mutants are more effective than wild-type 
viruses in killing nonpermissive rodent cells.2* E4 ORF4 also induces apoptosis in 
transformed cells like 293 cells.”° 

The E4 ORF6/7 modulates the activity of the cellular transcription factor E2F, 
which may subsequently activate cellular genes, which are important for the S-phase.*° 

The functions of E4 ORF1, ORF2, and ORF3/4 during lytic infection are less clear 
and are dispensable for growth of the virus in laboratory cell lines. 

After onset of DNA replication, expression of the late genes L2—L5, which are all 
under control of one promoter, is switched on. These genes encode the structural com- 
ponents of the virus particles, including L2 the penton, L3 the hexon, L4 the hexon 
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assembly, and L5 the fiber protein. These proteins form the new virus particles into 
which the adenoviral DNA becomes entrapped. Depending on the serotype, 10,000- 
100,000 progeny adenovirus particles can be generated in a single cell. 

The adenoviral replication causes lysis of the cells. 


2. Cells Expressing E1 of Adenovirus 
2.1 Transformation of Cells by E1 of Adenovirus 


In the previous section of this chapter, the function of adenoviral gene products in the 
replication of adenovirus has been described. There is extensive influence of adenovi- 
ral proteins on a large number of cellular functions. In the absence of lytic viral rep- 
lication, adenoviral genes may have a profound effect on cellular functions: the most 
striking being transformation by the adenoviral E1A and E1B proteins. Clearly, these 
proteins interfere with the regulatory mechanism of cellular proliferation. 

Human adenoviruses have a narrow host range for productive infections, and can 
be propagated in cells of human, chimpanzee,*! pig,?? and cotton rats.?? In rodent 
cells, e.g., from rat (with the exception of the cotton rat), hamster, or mouse, they 
bring about an abortive infection, which occasionally leads to transformation.** In the 
transformed cells, the adenoviral DNA is integrated into the genome and at least the 
genes of the viral E1 region are expressed (reviewed in Ref. 35). 

The viruses that were used for such studies were mainly adenovirus serotypes 2, 5, 
and 12. The various Ad serotypes differ in their ability to induce tumors upon inocula- 
tion into newborn hamsters; for example, Ad type 5 (Ad5) is non-oncogenic,*® whereas 
Ad12 is highly oncogenic.** However, all Ad serotypes or their DNA can transform 
rodent cells.*”8 Ad5E1 transformed cells can only form tumors in immunodeficient 
mice and rats, whereas Ad12E1 transformed cells are oncogenic both in immunodefi- 
cient and in immunocompetent animals,” which correlates with the ability of Ad12E1 
to repress expression of major histocompatibility complex class I genes.*? 

In culture, both rodent cells, e.g., from rat, mouse, or hamster, and human cells can 
be transformed by Ad DNA, although human cells, including fibroblasts and epithe- 
lial cells, are relatively refractory to transformation. Adenovirus-DNA-transformed 
human cell lines have been made from cultures of human embryonic kidney,*°*! 
human embryonic retina,*2+> human embryonic lung,” and, recently, from human 
amniocytes.*° 

As described before, the E1 region consists of two transcriptional units, E1A and 
EIB. For complete morphological transformation, both regions are needed, but the 
EIA region by itself can immortalize rodent cells* and occasionally human cells,*? 
albeit with very low efficiency. Expression of E1A usually results in induction of pro- 
grammed cell death (apoptosis), which can be prevented by coexpression of E1B.*8 
The EIA associates with a number of cellular proteins, including the tumor-suppres- 
sor gene product pRb, as well as p107, p130, cyclins A and E, cyclin-dependent kinase 
2 (cdk2), and p300 (reviewed in Refs 49-51). Most of these proteins are involved in 
cell-cycle control, and, with the exception of p300, regulate the activity of the tran- 
scription factor E2F°° The E1A proteins do not exert their activity in initiation of 
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transcription by direct, sequence-specific binding to DNA, but rather do so by binding 
to cellular transcription factors. 

The EIB 55-kDa!® and 21-kDa*? proteins cooperate independently with E1A 
in transformation and are required to inhibit the apoptotic response initiated by E1A. 
The 55-kDa EIB protein inhibits apoptosis by blocking the function of the p53 tumor- 
suppressor protein, which mediates El A-induced apoptosis.2! The 21-kDa E1B protein 
inhibits apoptosis in a way similar to the cellular Bcl-2 protein.?? 


2.2 E1 Expressing Cell Lines for Adenoviral Vector Production 


Most adenoviral vectors currently used in gene therapy have a deletion in the El 
region, where novel genetic information can be introduced.’ The E1 deletion renders 
the recombinant virus replication defective, which is a prerequisite for most of the 
clinical applications. In order to be able to produce El1-deleted recombinant adenovi- 
ral vectors, complementing cell lines have to be used that express the E1 proteins of 
adenovirus. One of the main challenges here is to express sufficient levels of the E1 
protein to achieve this. However, adenovirus E1 proteins, and in particular E1A pro- 
teins, are very toxic to cells. E1A has a profound effect on the transcription of many 
cellular genes, which leads to alteration of the morphology and growth of the cells and 
may lead to apoptosis. 

A few examples have been reported in literature, where cells have been immortal- 
ized (but not transformed) with E1A only. This has been described both for rodent*’ 
and for human cells.*? It is not known whether cells that express E1A only are able to 
complement adenoviral vectors that are deleted for both E1A and E1B. 

Attempts have also been made to express E1 proteins in established cell lines such 
as A549. Growth of established cells is not dependent on E1 expression, and toxicity 
of El proteins made it difficult to isolate clones that show stable expression of the 
E1 proteins, although a few papers report encouraging results.*°°*>> To the best of 
our knowledge, there is limited use of such cells and therefore this chapter will deal 
mainly with the group of E1 expressing cells that use the transforming capacity of the 
adenoviral E1 genes. 

Typical examples are the cell lines derived from human embryonic kidney,*°+! 
human embryonic retina (HER), and human amniocytes.*° The advantage of 
using El for immortalization is that such cells are dependent on E1 expression for 
growth, and therefore the levels of E1 expression are remarkably constant over time. 

The vast majority of cell lines that were made by immortalization and transforma- 
tion of primary cells were made to study immortalization and transformation and were 
not made for propagation of E1-deleted adenoviral vectors. The only documented cell 
line based on the E1 immortalization principle, which was made specifically for use in 
gene therapy, is the PER.C6™ cell line*> and the amniocyte-derived cell line.*° 

These cell lines have been tailor-made for the manufacture of clinical lots of ade- 
noviral vectors, with special attention to avoiding generation of RCA (see below). 
In addition, proper documentation and adequate safety testing are pivotal to ensure 
manufacture of safe batches of adenoviral vectors. As PER.C6™ is the only cell cur- 
rently used for making clinical lots of adenoviral vectors, a description of the generation 
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of PER.C6™ is given below. Also, the performance of the cell line in production of 
recombinant adenovirus as well as results of safety and genetic testing is provided. 


3. PER.C6™ Prevents RCA during Vector Production 
3.1 RCA 


The majority of preparations of El-deleted adenoviral vectors were produced on 
293 cells. This cell line was generated in Leiden in the group of Prof Van der Eb, by 
transfection of E1 sequences of adenovirus type 5 into primary HEK cells.4 The aim 
of this experiment was to study the transforming potential of adenoviral E1 sequences, 
and the DNA used for it was sheared adenoviral DNA.*° Precise mapping of the ade- 
noviral sequences present in this cell line indicated that the cell line had integrated 
bases 1-4137 of the adenoviral DNA.56 

Adenoviral vectors carry a deletion in the E1 region that runs from approximately 400 
to 3500 nucleotides of the adenoviral genome. This means that there is a substantial 
sequence overlap between the E1 sequences present in the cell line and the adenoviral 
vector DNA (see Figure 2). This sequence overlap may result in homologous 
recombination between the sequences. Due to a double cross-over, the E1 region present 
in the cellular chromosome may end up into the El-deleted adenoviral vector?’ 
(Figure 2). The resulting virus is El positive, and therefore capable of replicating 
independently in cells that do not contain E1 sequences in the chromosome. Several 
reports have described the occurrence of RCA in adenoviral vector batches produced 
on 293 cells.45-54,57-59 

RCA in clinical preps is unwanted, both from manufacturing as well as from safety 
point of view. 
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Figure 2 Mechanism of generation of RCA in 293 cells. Adenoviral vectors contain 
sequences that overlap with sequences present in the genome of 293 cells, indicated by the 
crossing lines. Due to the sequence homology, cross-over events can occur, which leads to 
exchange of DNA. E1 sequences replace the transgene in the adenoviral vectors, resulting in 
El-containing adenoviruses that are replication competent. 
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Its appearance in batches is a chance process and is therefore unpredictable and dif- 
ficult to control. This is a significant problem for good manufacturing practice (GMP), 
in particular if large-scale batches have to be prepared. 

It is also unwanted from safety point of view, as upon coinfection of a cell, RCA 
causes the E1-deleted adenoviral vector to replicate in an uncontrollable way. It causes 
shedding of the vector.°° In addition, RCA has been shown to cause inflammatory 
responses.°*-°! Therefore, RCA generation during production of E1-deleted adenoviral 
vectors has to be circumvented. 


3.2 PER.C6™: Absence of Sequence Overlap Eliminates 
RCA Generation 


The strategy to prevent RCA occurrence was to eliminate sequence overlap between 
the E1 sequences present in the cellular genome and the adenoviral vector.“ A poten- 
tial hurdle to do this is the way the E1B and pIX gene are regulated. Both E1B and pIX 
use the same poly(A) sequences.®” Furthermore, the pIX gene is not expressed upon 
transfection in cultured cells® but can only be expressed if present in an adenoviral 
genome. Therefore, an RCA-free packaging system should consist of two compo- 
nents: (1) an adenoviral vector that is deleted for E1A and E1B but contains the pIX 
expression cassette; and (2) a cell line that expresses E1A and E1B and is devoid of 
pIX sequences. 


3.2.1 E1 Construct Used for Making PER.C6™ 


To create the novel cell line, the aim was to use only a minimal number of sequences 
derived from human adenovirus type 5, i.e., the E1 protein coding sequences only, to 
prevent sequence overlap with El-deleted recombinant adenovirus vectors (rAV). The 
El promoter and poly(A) sequences were therefore obtained from non-adenovirus 
sources. The E1 promoter was replaced by the human phosphoglycerate kinase (PGK) 
promoter (see below), which is a known house-keeping promoter, and the poly(A) 
sequences were isolated from Hepatitis B virus.®-©° The construct pIG.E1A.E1B con- 
tains, in addition to the E1A and E1B coding regions, sequences upstream of the 
EIA gene, including E1A enhancer elements, the cap sequence, and untranslated ELA 
sequences were retained in the construct. These elements were included since earlier 
studies indicated that this results in efficient expression of the E1A gene.*’ 

A map of the construct, designated as pIG.E1A.E1B, is presented in Figure 3. 

Despite removal of the splice site at position 3509 of the adenoviral genome,” 
which is highly conserved, and truncation of the E1B transcript, high expression levels 
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Figure 3 The El construct used to generate PER.C6™. The pIG.E1A.E1B construct contains 
adenovirus type 5 sequences 459-3510. E1A expression is driven by the human phosphoglycerate 
kinase (PGK) promoter. E1B transcription is terminated by hepatitis-B derived poly(A) sequences. 
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of both E1B 21kDa and E1B 55kDa were obtained.*> In fact, the expression of the 
E1B proteins was even higher than in 293 and 911 cells, whereas equal expression 
levels of E1A were observed.* 

To prevent sequence overlap with E1 present in PER.C6™ cells, adenoviral vectors 
were constructed that carry a deletion of the complete E1 region. These vectors were 
shown to propagate efficiently in PER.C6™ (see below) and were found to express 
the pIX gene.*° 


3.2.2 Generation of PER.C6™ 


The primary cells selected for making a new E1 complementing cell line were human 
embryonic retinoblasts. The choice for retinoblasts** was based on the observation that 
Ad12 could transform hamster retinal cells in vitro® and induce retinoblastomas fol- 
lowing intraocular injection into newborn baboons.” It has been described that these 
cells can be immortalized relatively easily by E1 of human Ad5*??.79 and Ad12.7! 
In addition, the 911 cells, which are derived from human embryonic retinoblasts, are very 
efficient in production of rAV and easy to use,’° thus providing a second argument 
for the use of primary human embryonic retinoblasts as the source of primary cells to 
make a novel cell line. 

Primary human embryonic retinoblasts (HER cells) have a limited life span. Such 
cells can be cultured only a few passages after which the cells senesce. Transfection 
of HER cells with E1 constructs results in immortalization and transformation of the 
cells, reflected by focus formation in the cultures. This is easily recognized by both 
macroscopic and microscopic examination of the cultures. Such foci can be isolated 
and cultured further. Therefore, the plIG-.E1A.E1B construct was transfected into pri- 
mary HER cells, and PER.C6™ cells were isolated as described in detail before.*> 

After propagation of the cells to passage number 29, a research Master Cell Bank 
(MCB) was laid down, which was extensively characterized and tested for safety 
(including sterility testings) (see below). 

Immortalization of primary cells with E1 sequences of adenovirus guarantees 
(1) a stable expression of E1 proteins, as the cells need E1 expression for growth, and 
(2) that no external selection marker is needed to distinguish E1 expressing from 
nonexpressing cells. Therefore, the strategy was to transfect primary cells with E1 
sequences of adenovirus. Human adenovirus serotype 5 was taken as the donor for E1 
sequences, as this serotype is most commonly used in the rAV arena. 


3.3 Frequency of RCA Occurrence 


In order to test whether PER.C6™ cells are able to propagate adenoviral vectors 
without concomitant generation of RCA, El-deleted adenoviral vectors were propa- 
gated on 293 cells and on PER.C6™ cells. The adenoviral vectors used did not have 
any sequence overlap with E1 sequences in PER.C6™. The batches of vector were 
analyzed for the presence of RCA, using cell-culture-based assays, as described 
before.4557 The results (summarized in Table 1) clearly indicate that adenoviral 
vectors, when propagated on 293 cells, get contaminated with RCA. On the other 
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Table 1 Frequency of RCA Occurrence in 293 Cells 
and in PER.C6™ Cells 


No. of RCA positive batches 





No. of No. of cells per 
Helper cell productions production 2.5E9 IU 2.5E10 IU 





293 1E8-3E9 13/22 ND 
PER.C6 1E8-3E9 0/8 0/2 
PER.C6 1E10-3E10 ND 0/3 




















Batches of E1-deleted adenoviral vectors, propagated on either 293 and PER.C6™ cells, were tested for the presence of 
RCA at a level of sensitivity of either 1 RCA in 2.5E9 infectious units (IU) or 1 RCA in 2.5E10 infectious IU of El-deleted 
adenoviral vector. 

The number of batches that were produced on either cell line, as well as the number of cells used for the production, is 
indicated as well. 


hand, the data provided in Table 1 clearly demonstrate that PER.C6™ cells support 
RCA-free propagation of El-deleted adenoviral vectors, even if large-scale batches 
(produced on 1—3E10 PER.C6 cells) were tested for RCA in a very sensitive assay 
(1 RCA/2.5 E10 infectious units). 

In a separate experiment, an El-and E3-deleted Ad5 vector was derived and prop- 
agated in PER.C6™ cells. A master virus seed (MVS), prepared from passage 12, 
was used to generate eight virus-production lots (passage 13). The unprocessed virus 
harvest (vector-infected suspension culture) of the MVS and the virus-production 
lots were tested for RCA. In brief, test articles were frozen and thawed then assayed 
by inoculation onto the human-lung-carcinoma (A549, ATCC CCL 185) cell line for 
approximately 1—2h at 37°C, after which the inoculum was removed and the culture 
was re-fed with medium. Cultures were passaged three times to amplify any putative 
RCA present, with incubation times ranging from 4 to 7 days for the early passages 
and from 2 to 5 days for the final passage. The cultures were examined for cytopathic 
effects at each passage. The virus-production scale was approximately 201, and a 
60-ml volume (diluted to 600 ml to avoid toxicity and interference with detection of 
RCA) was tested for RCA for each lot. The testing volume was selected on the basis 
of a worst-case calculation to insure the testing of at least three dose equivalents of 
virus. Earlier virus-production studies suggested that the freeze-thaw extract would 
contain at least 5 x 10° particles/ml (or 10!! particles/20 ml). Thus, at least 3 x 10!! Ad5 
particles (three dose equivalents) would be tested. Assuming a random (Poisson) dis- 
tribution of RCA, if there were an average of one RCA per 1 x 10!! particles (20) ml), 
one would predict a probability of not detecting it by testing only 1x10!! particles 
to be e7! or 0.3679 (36.79% chance). By testing 3x 10!! particles (60 ml), the (bino- 
mial) probability of not detecting 1 RCA/1 x 10!! particles is reduced to e~3 or 0.04979 
(4.98% chance). Mathematically, this is equivalent to three independent tests of 20 ml 
each (60 ml total). 

No RCA was detected in the MVS or in any of eight virus-production lots 
assayed. Using the ratio of particle/TCID50 determined for purified virus (15.6 par- 
ticles/infectious units), the virus-production lots were estimated to have an average 
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of 1.9 x 10!° particles/ml. It was estimated that the mean probability of not detecting 
at least one RCA in a dose of 10!! particles of virus-production lots was 0.000887%. 
Besides having directly tested the infected cell suspension of the MVS for RCA, the 
repeated inability to detect RCA in the various clinical batches bodes well for the 
RCA-free nature of the MVS. For the clinical production runs, 1 mL of MVS is used 
to inoculate each of 100 roller bottles. This means a total of 800ml of MVS have 
been used for these “clinical lots.” Following the same calculation scheme as above, 
if there were 1 RCA per 20 ml of the MVS, there would be e~!*> or 0.00674 proba- 
bility (0.674% chance) of not transmitting an RCA when preparing a single clinical 
batch. Moreover, cumulatively across the eight clinical production runs, there would 
be only (e~!*5)8 or a 4.25x10-!8 probability (4.25 x 10-!©% chance) of not trans- 
mitting RCA in the preparation of eight lots. In conclusion, the 60-ml freeze-thaw 
sample used for RCA testing provided adequate assurance for the detection of RCA 
in virus-production lots, at a level of 1 RCA per 10!! dose. However, for testing of 
future Ad5 vector lots, we plan to use a clarified lysate. In this case, the probability 
estimated for detection of RCA will be based on more direct measurement of virus 
concentration. 

In summary, eliminating overlap between E1 sequences in the cell and the E1- 
deleted adenoviral vector eliminates RCA. 


4. Production of Adenoviral Vectors 
4.1 Vector Stability 


When constructing El-deleted adenovirus vectors, a number of choices must be 
made on the structure of the vector backbone and on the composition of the trans- 
gene. One must determine if the size of the E1 deletion will be adequate to accom- 
modate the size of the transgene, or if additional deletions, such as in the E3 region, 
will be needed. One must also decide on the placement of the transgene within the 
genome (E1 vs E3) and the orientation of the transgene (E1 parallel vs E1 antipar- 
allel). Finally, one must decide on the composition of the transgene in terms of the 
transcriptional regulation elements that are utilized (promoter and polyadenylation 
signals). 

All of these parameters make constructing adenoviral vectors, which express the 
transgene to the desired level, are genetically stable and propagate well enough to 
allow high-level production, a somewhat empirical process. The net genome size of 
the vector, the deletions used, transgene orientation, the composition of the transgene, 
and the transgene product itself can all effect the growth and productivity of the vector. 
The degree to which vector and transgene structure can affect genomic stability and 
productivity is illustrated by our experience with Ad5 Vector 1 (Figure 4). Vector 1 
contains an E1 deletion into which the transgene was introduced in the E1 antiparallel 
orientation. The transgene is composed of our gene of interest flanked by the immedi- 
ate early gene promoter and intron A from the human cytomegalovirus, and the bovine 
growth hormone polyadenylation signal sequence. In addition to the deletion of the E1 
region, the vector has an E3 deletion.’” 
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When the genetic stability of Vector 1 was assessed after serial passage in 
PER.C6"™, it was found to be unstable. Restriction analysis of purified viral DNA 
recovered from passages 12 to19 indicated that the virus population contained genetic 
variants (Figure 5). Over this passage series, the proportion and number of variants 
appeared to increase. An analyses of the novel restriction fragments and close to 
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Figure 4 Genetic structure of Ad5 Vectors 1. 
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Figure 5 Genetic structure of serially passaged Vector 1. Viral DNA was purified from passages 
12 to 19 of Vector 1 digested with HindIII and end-label with P32-dATP. The end-labeled restriction 
fragments were then size-fractionated by gel electrophoresis and detected by autoradiography. 
pV1, the plasmid used to derive Vector 1 is shown for comparison. The position in the Vector 1 
genome to which the restriction fragments correspond is indicated on the right. The reduction 
and upward shift in the 6.6 kb transgene containing restriction fragment (red (light gray in print 
versions) arrow) is due to amplification of the 107 bp sequence in the packaging region. Novel 
bands seen at approximately 4.8 and 3.2 kbp (blue (dark gray in print versions) arrows) are due 
to deletions in the transgene in association with amplification in the packaging region. 
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1000 individually recovered, circularized viral genomes indicated that two genetic 
mechanisms could account for all of the observed restriction fragment length 
polymorphisms: (1) deletions of the transgene expression cassette, particularly in the 
region of the hCMV promotor and intron A, and, in two instances, deletion of only 
adenovirus sequence; and (2) amplification (two to four repeats) of a 107-bp sequence 
in the region containing the viral packaging elements. No rearrangements or insertions 
in the E3 region were detected. 

The genetic analysis of Vector | has led to the development of highly stable vectors 
that can be easily propagated in PER.C6™ cells, suggesting that the genetic instability 
can be overcome by vector design and is not necessarily related to the use of PER. 
C6™ cells. 


4.2 The Production Process 


To make El-deleted adenoviral vectors for human gene therapy, a scalable process 
suitable for commercial manufacturing under GMP conditions was developed. 

One of the key factors in the development of cell-culture-based production pro- 
cesses is the culture system. In particular, if scaling of the process is needed, culture 
of the cells in a bioreactor is highly desired. For robust and scalable systems sus- 
pension growth of the required cell line is extremely advantageous. PER.C6™ cells 
can be cultured both as adherent cells as well as in suspension culture. For suspen- 
sion growth-specific, well-defined, serum-free (SF) media have been developed (e.g., 
ExCell 525; JRH Biosciences). These media do not contain any protein that is derived 
from human or animal tissue or specimen. This results not only in many fewer con- 
taminants to be removed during downstream processing but also a favorable safety 
profile with respect to pathogens which might be introduced by animal-/human- 
derived components. 

The serum-free culture medium (SF-medium) supports the growth of PER.C6™ 
cells to densities of 1.5—2.5 x 1E6 cells/ml in routine T-flask and roller bottle cul- 
tures. In perfused bioreactor systems, cell densities up to 1E7 cell/ml are easily 
obtained. 

An overview of the process of production of El-deleted recombinant adenoviruses 
is presented in Figure 6 and is summarized below. 

After thawing of a vial of PER.C6™, expansion in a T-flask containing SF-medium 
is done, followed by transfer of the suspension culture to roller bottles. Then these 
roller bottles are cultured until sufficient cells are generated to inoculate a bioreactor. 

In the standard batch-wise production process (e.g., in 2- or 20-1 bioreactor), half 
of the bioreactor working volume is inoculated at 0.5 x 106 cell/ml. Then PER.C6™ 
is grown in 2days to 2x10®cell/ml and diluted once to 1x 10°cell/ml by adding 
the same volume of fresh medium. Then the seed virus is added and temperature is 
lowered from 37 to 35 °C, followed by harvest after 3 days by pelleting. The latter is 
necessary if the purification process consists of ultracentrifugation with CsCl den- 
sity gradients. After these 3 days the virus particles become suspended utilizing cell 
lysis. The batch process is very robust but not economical since only low cell den- 
sities can be obtained due to the rapid consumption of nutrients from the medium. 
When high-cell densities are required, a perfusion system can be used. Nutrients are 
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Final Product 


Figure 6 Overview of the process of production of El-deleted recombinant adenovirus. 
The process is described is Section 4.2 of this book chapter. 


replaced and metabolites removed by perfusion of fresh medium. A suitable perfu- 
sion system can be obtained with hollow fiber modules. These modules are operated 
externally on the bioreactor and can therefore easily be replaced when malfunction 
occurs. Hollow-fiber technology also has the opportunity for virus retention, easy 
scale-up, and its potential application as a first step in the virus isolation. To take 
full advantage of high-density cultures the virus replication should last longer than 
3 days to enable the utilization of all cells present because a repeated infection can 
occur with newly released particles from lysed cells. A typical example of a 20-1 
bioreactor run is presented in Figure 7. Because a large part of the total produced virus 
will be in suspension, the volume of such a culture is too large to enable purification 
by ultracentrifugation. Hollow fiber ultrafiltration and chromatography are methods 
of choice for virus isolation and purification. With these systems directly connected 
to the bioreactor, thereby ensuring a closed system, all viruses can be isolated from 
the culture medium. After capture of the virus, the bulk product can be further puri- 
fied utilizing ion exchange chromatography and/or size exclusion chromatography 
systems. The obtained product is of high purity and infectivity. Final formulation 
can be done by ultrafiltration bringing the product at the final concentration in the 
required buffer. 


4.3 Yields of Adenoviral Vectors 


The yields of virus obtained after propagation in PER.C6™ cells in 20-1 suspension cul- 
tures ranges from 0.6 x 10!! vp/ml to 1.1 x 10!! vp/ml culture medium with an average 
yield of 0.8 x 10!! vp/ml (n=5). The cell density during infection was approximately 
3x10 cells/ml. The calculated virus yield per cell is therefore 0.2 x 10°-0.4x 10° 
vp/cell. As the cultures are inoculated at a multiplicity of infection of 40 vp/cell, an 
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Figure 7 Example of production of E1-deleted adenoviral vectors in PER.C6™ in a 201 
bioreactor. PER.C6 cells are seeded at a density of 0.5E6 cells/ml, in ExCell 525 culture 
medium. Perfusion is started 48h later, at a rate of 1 bioreactor volume/24h. The glucose 


concentration remains constant during perfusion. Under these conditions, cell densities of 
1x 107 cells/ml are obtained. 


amplification factor of 500 was achieved. The loss during isolation and purification 
can be held to 70-80%. This figure was consistently obtained in multiple runs, for 
three different adenoviral vectors. 

Similar yields of El-deleted adenoviral vectors obtained on PER.C6™ have been 
obtained by others.” 


4.4 Scale of Adenoviral Vector Production 


The estimated scale of the required bioreactor and cell-line stability is calcu- 
lated as follows. The cell density used for virus production in perfusion mode 
is 3-6x10°cell/ml. Therefore, assuming at least 20,000 virus particles per 
cell yield, the overall expected yield in the crude bioreactor harvest is 2 x 104 
vp/cell x 5 x 10° cell/ml=1x10!! vp/ml. Further, after optimization, maximum 
expected loss of virus particles after downstream processing by column chroma- 
tography is 75%. Therefore, from a 20-1 perfusion bioreactor | x 10!! vp/ml x 0.25 
(recovery) x 104ml =5 x 10!* vp can be obtained. This gives 5 x 10!4 vp/1 x 10!° vp/ 
dose =50,000 doses (assuming 1 x 10!°vp/dose). When during product develop- 
ment, 40% of the batch is retained for QC and archiving purposes: 3000 patients 
can receive 50,000 x0.6/3000=10 doses each. Therefore, using the currently 
developed technology, this 20-1 bioreactor is sufficient for the generation of mate- 
rial for the first clinical studies. However, to be able to do process development 
on a larger scale, a larger vessel is required for full commercial production. Full 
production scale is expected to be about 5 times larger, and therefore a 100-1 bio- 
reactor is expected to be the maximum volume required for application with single 
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doses up to 10!° vp. To propagate the cells from a working cell bank ampoule, con- 
taining 5E6 cells, to a 5E6 cell/ml culture in a 1001 bioreactor would take 17 cell 
doublings. So a reliable production process would require a cell line, which is at 
least stable over 20 cell doublings. PER.C6™ was shown to be stable with respect 
to El expression for at least 98 cell doublings. 


5. Safety Considerations of PER.C6™ 


5.1 QC Testing of PER.C6™ Cells for Use in the Manufacture 
of Biologicals and Vaccines 


The safety of vaccines and biologicals manufactured in continuous cell lines of animal 
or human origin is of paramount importance and must be ensured by the manufacturer 
through a program of quality control (QC) testing applied to the product before release 
for human administration. This QC testing is intended to (1) ensure the identity of the 
product (2) ensure the safety and sterility of the product by demonstrating the absence 
of adventitious microbial agents, and (3) ensure the safety and sterility of the product 
by demonstrating the absence of adventitious viral agents. 

The program for QC testing applied to a biological product, formalized as a 
Release Protocol, is developed as a responsibility of a Department of BioAnalyt- 
ical Development. The Release Protocol is developed through an evaluation and 
integration of (1) relevant compendial literature and precedents, (2) the origin of 
the cell line used for production and its development as a MCB, (3) the sourcing 
and quality control testing of raw materials of animal origin used in manufacture, 
and (4) the method of cGMP manufacture of the bulk and intermediate and final 
product considering among other considerations the quality of environment in 
which bioprocessing is conducted, the method of manufacture in particular the 
isolation of the culture system from operators and the consistency of preparation. 

The Release Protocol prescribes the QC testing to be applied to not only final 
products but importantly, MCBs, master virus seeds and other bioprocess inputs, 
raw materials of animal origin, as well as intermediate bulk products developed 
during downstream processing purification and formulation. The Release Protocol 
specifies testing methods and volumes to be tested relying upon bacterial broth 
and agar cultures, embryonated eggs, small animals, and in vitro cell culture in a 
variety of primary and continuous cell lines of mammalian or human origin. These 
methods are well known to be sensitive to the detection of a variety of bacterial 
and viral agents and when applied in concert provide a comprehensive and sensi- 
tive analytical approach upon which to ensure product safety. More recently, with 
the development of exquisitely sensitive polymerase chain reaction (PCR) meth- 
ods for the detection of agents, which are refractory to animal or cell culture, these 
classical propagation methods are commonly supplemented with agent-specific 
testing, using PCR and polymerase-enhanced reverse transcriptase assays. The 
general methods of testing to ensure product safety are presented in illustrated 
form in Figure 8. 
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Method 


=o 


Sterility 
Inoculation of Broth and Agar Culture and Cell 
Cultures with Observation of 14-21 days 


In Vivo Testing in Eggs 
Injection of Eggs by Amniotic, Allantoic 
or Yolk Sac Routes with Observation for 7-14 days 


@ > 


In Vivo Testing in Animals 
Injection of Adult or Suckling mice, Guinea pigs or 


Rabbits by IM, IP, or SC Routes with Observation 
for 7-60 days 


ES = 


In Vitro Testing in Cell Culture 


Inoculation of Primary or Continuous Cell Lines of 
Human, Primate or Animal Origin with Observation 
for 14-28 days 





Testing for Specific Virus Agents 


Use of Sequence Specific Primers for PCR 
Amplification or PERT, or TEM 


Criteria for Evaluation 


Turbidity, 
Colony Formation 
Cytoplasmic Fluoresence 


Viability 
Gross morphology 
Hemagluttination 


Viability 
Fitness 
Evidence of Disease 


Evidence of Cytopathology 
Hemadsorption 
Hemagluttination 


Evidence of Gene- 
Specific Product 


Evidence of Enzymatic 
Activity of RT 


Figure 8 Testing methods for the demonstration of product safety. 


5.1.1 


QC Testing for the Release of PER.C6™ Master Cell Bank 


The development of a PER.C6™ research Master Cell Bank (rMCB), A068-016, to 
support manufacture of biologics has been previously described. The Release Protocol 
to ensure the (1) Identity, (2) Sterility, and (3) Viral Safety of the rMCB is presented 
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Table2 Release Protocol for Crucell rMCB A068-016 


Test Method 





Identity Isoenzyme analysis 

Sterility broth and agar for cultivation of bacteria, fungi, mycoplasma 
In vitro indicator cells for detection using Hoechst stain 
Viral safety Eggs (allantoic and yolk sac) 

In-vivo eggs 
Viral safety MRC-5, HeLa, Vero, bovine cells 


In-vitro cell culture 
Viral safety HBV, HCV, EBV, HHV6, HIV-1, HIV-2, HTLV-1 HTLV-2 AAV, 
Agent-specific B19, SV40 

Testing using PCR 
Viral safety PERT, S*L-, XC testing 
Agent-specific 

Testing for retroviruses 











in Table 2. The QC testing was conducted by contract at Inveresk Research (Tranent, 
Scotland) and at MicroSafe (Leiden, The Netherlands). 


5.1.2 QC Testing for the Release of a PER.C6™ Working Cell Bank 


The Release Protocol of research Working Cell Bank (rWCB), A068-043W, accord- 
ing to the panel of testing is presented in Table 3. The QC testing was conducted 
by contract at Inveresk Research and at MicroSafe. This testing included tests for 
(1) Identity (2) Sterility, and (3) Viral Safety in cells of human and simian origin. 


5.1.3 Development of a Master Cell Bank at the Merck Research 
Laboratories 


Cryopreserved vials of the rWCB were obtained from Crucell by the Merck Research 
Laboratories and expanded under conditions of cGMP manufacture to create a MCB 
for future manufacturing use. This MCB has been released for use in the propagation of 
recombinant adenovirus according to a Release Protocol presented in Table 4. The pre- 
ponderance of this QC testing was conducted by Q-One BioTech in Glasgow, Scotland. 

This Release Protocol for the rWCB provides persuasive demonstration of the 
(1) Identity (2) Sterility, and (3) Viral Safety of the PER.C6™ MCB. This Release 
Protocol specifies animal testing in small animals to supplement the egg safety testing 
applied to the rWCB, expands the variety of primary and continuous cell lines used 
for viral safety using in vitro cell culture, and greatly broadens the variety of agent- 
specific testing using PCR-based testing and biochemical testing for retroviruses. The 
human cell line 293 was included in the panel of tissue-culture cell lines in an attempt 
to detect the presence of any defective adventitious virus that requires the presence of 
E1 in the host cell. The direct assay for reverse transcriptase, as well as the detection 
of reverse transcriptase (RT) in co-cultivation supernatant fluids, was done with the 
highly sensitive PCR-based reverse transcriptase assay. The supplemental PCR tests 
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Table3 Release Protocol for Crucell rWCB A068-043W 


Test Method 





Identity 
Sterility 


Isozyme 

broth and agar for cultivation of bacteria, fungi, mycoplasma 
In-vitro cell culture testing for mycoplasma 

Viral safety Vero, MRC-5, PER.C6 
In-vitro cell culture 
Viral safety 
Agent-specific testing 
Using PCR 


Adeno-associated virus 











Table4 Protocol for Release for the a PER.C6 Master Cell Bank 


Test Method 





Identity Isozyme analysis 

DNA fingerprinting 

PCR-based test for El 

broth & agar for cultivation of bacteria, fungi, mycoplasma 


In-vitro cell culture testing for mycoplasma 


Sterility 


Viral safety 
In-vivo eggs 


Viral safety 

In-vivo animals 

Viral safety 

In-vitro cell culture 
Viral safety 

Agent specific testing 


Eggs (allantoic and yolk sac) 


Guinea pig 

Adult and suckling mouse 

VERO, MRC-5, 293, RK* Vero 

Bovine turbinate, porcine kidney 

transmission electron microscopy PERT for RT 
Raji, RD, H9 Cell-cocultivation for retroviruses 


PCR for HBV, HCV 

CMV, EBV, HHV6, HHV7, HHV8 
HIV-1, HIV-2, HTLV-1 &HTLV-2, SiFV 
SFV, AAV, B19, bovine polyoma, SV40 











were included with due consideration for the human origin of the cell line and the use 
of bovine serum for the derivation of the cell line. The tumorigenic potential of the cell 
line was tested beyond the anticipated manufacturing cell-passage level. 

Satisfactory results were obtained from all QC testing. The results of the testings 
are presented in Table 5. 


5.2 Tumorigenicity 


5.2.1 Tumorigenicity Studies of PER.C6™ Cells 


Three tumorigenicity studies were carried out on the PER.C6™ cell line. The results 
of these studies are summarized in Table 6. In the first study, nude (nu/nu) mice were 
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Table5 Summary of Testing of PER.C6 Research Master Cell Bank 


(Passage Number 29) 


Test 


Specification 


Result 





Sterility (EP) 

Mycoplasma (broth, agar and DNA 
staining) 

In-vitro virology for adventitious viruses 
(28 days, with cytopathic effect and 
hemadsorption) on Vero, MRC-5, HeLa 
and PER.C6 cells (PTC) 

Specific viruses: 

Human immunodeficiency virus types 
1 and 2 

Human T-lymphotropic virus types 1 and 2 

Human hepatitis B+C 

Human cytomegalovirus 

Human parvovirus B 19 

Human herpes virus 6 

Simian virus 40 

Adeno-associated virus 

Epstein-Barr virus 

Bovine viruses (BVD, IBR and PI3) 

In-vivo virology in suckling mice (i.c.and 
i.p.), and embryonated eggs, allantoic 
and yolk sac injections (PTC) 

Isoenzyme test for human origin 

In-vivo virology (adult mice, guinea pigs 
and suckling mice) and transmission 
electron microscopy (TEM) 


Reverse transcriptase assay 

S*L” focus forming assay and XC Plaque 
assay 

Tumorigenicity in nude mice 

Restriction analysis 


Sequencing 
Copy number determination 


DNA profiling rMCB (passage 29) and 
late passage cells (passage 98) 


Karyotyping/Chromosomal analysis 





Negative 
Negative 


Negative 


Negative 
Negative 
Negative 
Negative 
Negative 
Negative 
Negative 
Negative 
Negative 


Negative 
Negative 


Confirmed 
Absence of 
adventitious 
microbial 
contamination 
Negative 
Negative 


Report result 

No evidence of 
mutation or 
rearrangements 

Report sequence 

Report result 


Late passage 
banding pattern 
resembles 
rMCB 

Report 
chromosome 
numbers 





Negative 
Negative 


Negative 


Negative 
Negative 
Negative 
Negative 
Negative 
Negative 
Negative 
Negative 
Negative 


Negative 
Negative 





Confirmed 

Free from infectious 
adventitious microbial 
contamination 


Negative 
Negative 


Tumorigenic 
No evidence of mutation 
or rearrangements 


Sequence reported 

5-6 copies Per haploid 
genome 

Late passage banding 
pattern resembles 
rMCB 


Modal number 86 
Range 68-106 
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Table5 Continued 


Test 


Specification 


Result 





Fluorescent product enhanced reverse 
transcriptase assay 

S*L- focus forming assay and XC plaque 
assay 

Multicolor In situ hybridization (MFISH) 


Copy number determination (fiber FISH 
analysis) 


Prions: 
Determination of prions 
Sequence analysis 





Negative 
Negative 
Report integration 


site 
Report results 


No evidence for 
infectious PrP*° 





Negative 
Negative 
Chromosome 14 
13.6 + 6.1 

5 copies/Haploid 


genome 
Confirmed 








Table 6 Tumorigenicity of PER.C6™ cells 


A. Day 28 tumorigenicity of PER.C6™ and KB cells in nude mice 





Cell type No. of cells 


Male 


Female 





KB 1x 107 
PER.C6™ 1x 107 





10/10 
9/10 





10/10 
7/10 





B. 84-day tumorigenicity study of PER.C6™ and HeLa cells 





Cell type No. of cells 


HeLa 
PER.C6™ 
Medium control 


C. Titration tumorigenicity study of PER.C6™ cells in nude mice 





No. of cells 


Cell type 





PER.C6™ 1x 103 
PER.C6™ 1x10° 
PER.C6™ 1x107 


Medium - 





Details of the experiment are presented in Section 5.2. 
4Benign lung adenoma. 








bseven animals sacrificed, with tumors on day 56 and leaving 0/3 at day 84. 
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injected subcutaneously with 107PER.C6™ cells. Positive control animals were 
injected subcutaneously with 10’ KB cells. KB is a known tumor-producing cell line 
derived from an epidermoid carcinoma (American Type Culture Collection; CCL-121). 
The study was of a 28-day duration, at which point all animals were necropsied and 
examined grossly and histologically. All of the positive control animals had growing 
nodules, and 8 of 10 male mice and 7 of 10 female mice receiving PER.C6™ cells had 
growing nodules, thus producing a positive test (Table 6(A)). 

At the time of the first study, 21 or 28 days was the duration that was usually used. 
Subsequently the Center for Biologics Evaluation and Research (CBER) of the Food 
and Drug Administration had suggested the observation period be extended to 84 days. 
This was to give more time for slow-growing tumors to appear and for non-tumori- 
genic nodules to regress or disappear. Therefore, the tumorigenicity study on the PER. 
C6™ cells was repeated. 

The second study was performed in nude (nu/nu) mice over an 84-day period. 
Thirty nude mice were injected subcutaneously with 107 PER.C6™ cells in 0.2ml 
of SF medium. As a positive control, 10 mice were injected subcutaneously with 10° 
HeLa cells in 0.2 ml of SF medium. As a negative control, 30 mice were injected with 
0.2 ml of medium. The mice were palpated at the injection site every 3—7 days and any 
nodules found were measured in two dimensions. The PER.C6™ cell test arm and 
the negative control arm had 10 mice necropsied 21, 42, and 84 days post injections. 
The positive control arm was necropsied at 42 days post injection. Gross and histolog- 
ical examinations were performed on all injection sites and nodules if they appeared. 
During the initial days after injection, palpable nodules were present at the subcuta- 
neous injection sites in all animals inoculated with PER.C6™ cells. Between post-in- 
jection days 5 and 14, the detectable masses disappeared from the injection sites. 
However, in several of these mice, the masses subsequently reappeared by around day 
21 and continued to enlarge until the animals were necropsied. Of the mice injected 
with PER.C6™ cells, 5 of 10 sacrificed on day 21, 5 of 10 sacrificed on day 42, and 1 
of 10 sacrificed on day 84 (actually sacrificed on day 49 due to tumor size) had gross 
or microscopic evidence of a tumor (Table 6(B)). Histologically, these recurrent nod- 
ules were composed of sheets of large pleomorphic cells with numerous, sometimes 
abnormal, mitotic figures. These masses compressed the surrounding tissues but were 
not invasive. No tumors were observed outside the injection sites. The interpretation 
of the test is that PER.C6™ cells are positive for tumorigenicity. 

In view of the positive tumorigenicity results obtained following injection of 107 
PER.C6™ cells, a titration study was performed in which nude mice were injected 
with PER.C6™ cells at doses of 107, 10°, or 10° cells per animal. Mice were necrop- 
sied 21, 42, or 84 days post injection. No animals receiving 10? PER.C6™ cells had 
palpable masses at the injection site from the first palpation day until necropsy. None 
of these animals had gross or microscopic evidence of nodules or tumor cell collec- 
tions at any necropsy time point. Two of the thirty mice receiving 105 PER.C6™ cells 
had palpable nodules on post injection Day 3. These masses disappeared by day 7 and 
did not recur. Gross and histological examination of the injection sites was negative at 
all necropsy time points. In the mice that received 10’ PER.C6™ cells, 29 of 30 ani- 
mals had palpable nodules on day 3—some of which disappeared or became smaller 
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but most of these recurred and grew progressively until necropsy. At necropsy, 5 of 10 
mice on day 21 had tumors, 9 of 10 mice sacrificed on day 42 had tumors, and 7 of 10 
in the group scheduled for day 84 had tumors but were sacrificed on day 56 because 
of tumor size (Table 6(C)). The histological and gross features of the PER.C6™ cell 
tumors were similar to those described for the previous study (above). No metastatic 
nodules were found. Thus, the tumorigenicity studies of PER.C6™ cells were positive 
at 107 cells per animal and negative at 10° and 10° cells per animal. This would indicate 
that not all of the PER.C6™ cells are tumorigenic and/or a critical mass of tumori- 
genic cells is necessary for tumor formation. 


5.2.2 Tumorigenicity Studies of Residual DNA 
from PER.C6™ Cells 


In view of the positive tumorigenicity studies with 107 PER.C6™ cells, the oncogenic 
potential of residual DNA from these cells was tested in both nude mice and newborn 
hamsters. For these studies, DNA was isolated from passage 61 PER.C6™ cells using 
standard procedures. The DNA preparation was shown to be of high molecular weight 
(average size ~100 Kbp) and devoid of significant protein or RNA impurities. 

In the nude mice study, 20 female nude (nu/nu) mice were injected subcutaneously 
with 225 ug of PER.C6™ DNA (in a volume of 0.25 ml). For negative controls, two 
groups of 20 female mice each were injected subcutaneously with 0.25 ml of vehicle. 
Approximately 5 months after injection, the mice were necropsied and examined his- 
tologically for tumor growth. None of the mice in this study exhibited gross or micro- 
scopic evidence of tumors at the injection site. One treated mouse had a lymphoma at 
a distant site. However, nude mice—particularly females—are known to have a high 
incidence of spontaneous lymphoma,’*~”’ and the occurrence of a single lymphoma in 
twenty treated mice is consistent with the spontaneous incidence. 

Although the lymphoma was almost certainly a spontaneous event, a PCR study 
was performed on the lymphoma DNA to determine if there was any evidence for the 
presence of the adenovirus E1 region—the transforming agent of PER.C6™ cells. 
The study was negative, with a sensitivity of approximately one copy of El per 750 
tumor cells. Previously, E1 expression has been shown to be necessary to maintain 
the transformed state of 293 cells, which, like PER.C6™ cells, were transformed by 
E1.78 The results of the PCR analysis support the conclusion that the lymphoma was a 
spontaneous event, not induced by PER.C6™ DNA. 

A second tumorigenicity study using DNA from PER.C6™ cells was carried out in 
newborn hamsters. Between 18 and 36h after birth, female and male hamsters (28 in 
total) were injected subcutaneously with approximately 100 ug of PER.C6™ DNA (in 
a volume of 110 ul). Two groups of controls hamsters (50, mixed sex, per group) were 
injected with 100 ul of vehicle. Several pups in each group were lost due to maternal 
cannibalism, reducing the group sizes to 20 (11 female, 9 male) in the PER.C6™ 
DNA group, 40 (19 female, 21 male) in control group-1, and 45 (27 female, 18 male) 
in control group-2. After weaning, the hamsters were palpated on a weekly basis. 
The hamsters were necropsied approximately 5 months after injection and examined 
grossly and histologically for tumor growth. One female hamster in control group-2 
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died approximately 21 weeks after injection of a malignant ovarian teratoma. No evi- 
dence of tumors was found in the 20 hamsters that were injected with PER.C6™ DNA. 


5.2.3 Concerns About Using a Tumorigenic Cell Substrate 


The basis for concern about using a tumorigenic cell substrate to produce a vaccine 
includes three theoretical possibilities. First, DNA from the cells carrying a puta- 
tive-activated oncogene or cancer-causing mutation could be integrated into the recip- 
ients’ genome and produce a tumor. Second, a transforming protein in the cells could 
be transmitted and result in a tumor. Third, an adventitious tumor virus may be present 
and could be transmitted to the recipient and produce a tumor. 

Concerning residual DNA from a tumorigenic cell substrate, there have now 
been several reports demonstrating that DNA extracted from tumorigenic cell lines 
or tumors growing in vivo—and even purified activated oncogenes—do not produce 
tumors when injected into animals at levels up to 1000 ug of DNA.”°-*° The negative 
results obtained with PER.C6™ DNA in nude mice and newborn hamsters are con- 
sistent with these findings. In the case of the PER.C6™ studies, the amount of DNA 
injected (~100 or 225 ug) represents a >10°-fold excess compared to the amount of 
residual DNA present in a dose of vaccine produced on this cell substrate. Others have 
calculated that 100 pg of residual DNA from tumorigenic cells would be equal to less 
than a billionth of a tumor-producing dose.’?*° 

The second concern of transforming proteins or growth factors has been consid- 
ered by a WHO study group to be significant only if those are continually produced by 
cells or have continued administration.’?°° The study group did not consider the pres- 
ence of contaminating known growth factors, in the concentrations that they would 
be found, to constitute a serious risk in biological products prepared from continuous 
cell lines. 

The third category of concern, viruses or other adventitial agents, does present a 
potential risk. This risk is greatest when primary cells are used because of the fre- 
quent need for newly acquired cells that require repeats of the extensive testing for 
adventitial agents. Human diploid cell lines and continuous tumorigenic cell lines are 
thoroughly and routinely tested for a wide variety of known and unknown adventitial 
agents in a series of in vitro and in vivo assays, thus providing adequate assurance that 
adventitial agents will not be transmitted. 


5.3 Prion-Related Issues 


It is now generally accepted that an abnormal form of the cell surface glycoprotein 
PrP, or prion protein, is the main infectious agent in transmissible spongiform enceph- 
alopathies like scrapie, bovine spongiform encephalopathy (BSE), and Creutzfeldt— 
Jakob disease (CJD) (Ref. 87 and reviewed in Ref. 88). The abnormal form of PrP, 
called PrP% or PrP-res, is characterized by a remarkable resistance to denaturing 
agents and to degradation by Proteinase K (Prot K). Diagnostic tests take advantage of 
this unusual stability that allows a distinction between PrP* and PrP*¢ using antibodies 
that recognize both forms of PrP (e.g., Ref. 89). 
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Human prion diseases occur in sporadic, acquired, or inherited forms with different 
clinical and pathological phenotypes (reviewed in Ref. 90). In 1996 a new variant of 
CJD (vCJD) was reported in relatively young patients with clinical features different 
from the known CJD forms.?! It was also found by strain typing that the prion protein 
of these patients was indistinguishable from the one that causes BSE thus raising the 
question whether vCJD could be acquired by consumption of meat from cattle suf- 
fering from BSE.°”.? The possibility of transmission of PrP% from bovine to human 
raises safety issues for cultured cell lines used for the production of human drugs. 

Therefore, PER.C6™ cells were carefully examined for the PrP phenotype (see 
below) as well as genotype. It has been found that specific mutations in the PrP gene 
are associated with hereditary forms of human prion disease (reviewed in Refs 88,90). 
Furthermore, a common methionine/valine polymorphism at codon 129 of the PrP 
gene appears to be associated with phenotypic variability and susceptibility to spo- 
radic and iatrogenic CJD. The vast majority of patients suffering from sCJD, and also 
from vCJD, were found to be homozygous for 129M whereas patients heterozygous 
at codon 129 were strikingly underrepresented.°*°° To examine whether the PER. 
C6™ PrP gene contains any of the known mutations associated with susceptibility to 
prion diseases, the PER.C6™ PrP gene was sequenced. For these sequencing studies 
genomic DNA from PER.C6™ cells was isolated and used to amplify the PrP gene 
sequences by PCR. The resulting PCR product was cloned into a vector, and the PrP 
gene in each of 13 PrP-containing clones was sequenced by BaseClear (Leiden, The 
Netherlands). Five of these clones contained sequences coding for the 129M PrP° 
protein, while the other eight contained the 129V PrP* sequence, demonstrating the 
heterozygosity at this position. To confirm this observation, the resulting PCR product 
was also sequenced. As expected, a double peak (g/a) was observed in the 129 codon 
at a position defining it as a valine (if the nucleotide is a guanine) or as methionine (if 
the nucleotide is an adenine). The PER.C6™ PrP gene sequence was then compared 
to the wild-type sequence published in Genbank (accession number M12899) and was 
found to be identical to the wild-type gene; thus, ruling out the possibility that these 
cells possessed a hereditary mutation that would be predisposing for prion diseases. 
The sequence also revealed that PER.C6™ cells are heterozygous for methionine/ 
valine at codon 129. 

PrP* is constitutively expressed in adult brain®?-°7-°8 and at lower levels in other tis- 
sues like liver and spleen.®? PrP expression has also been found in a variety of rodent 
and human cell lines. Our studies on PER.C6™ and 293 cells have shown that these 
cells also express the cellular form of PrP. A validated Western blot analysis of Prot 
K-treated protein extracts of PER.C6™ cells, and their parental HER cells have failed 
to detect any Prot K-resistant forms of PrP at passages 33 and 36 of PER.C6™ cells 
and passage 6 of their parental HER cells. 

In addition to the sequencing of the prion gene and testing for the presence of 
abnormal prion protein in the PER.C6™ cells at an early and late passage level of 
the culture, serum and trypsin batches that were used were traced to see if any were 
derived in the United Kingdom. 

Finally, it has been possible to adopt the PER.C6™ cells to SF suspension so that 
bovine serums can be completely avoided in the future if desired. 
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The above-mentioned characteristics of PER.C6™ make it a safe manufacturing 
cell line in this respect. 


5.4 Genetic Characterization of PER.C6™ Cells 
5.4.1 Sequence Analysis of E1 


The integrity of the E1A and E1B coding regions present in PER.C6™ was tested by 
sequence analysis. This was done by bidirectional sequencing of PCR fragments gen- 
erated from these regions, and the sequence of these fragments was compared to the 
original pIG.E1A.E1B sequence, the construct that was initially used in transfection. 

No mutations, deletions, or insertions were detected between the sequence of the PCR 
fragments and pIG.E1A.E1B, indicating that no genetic alterations were introduced in 
the E1A and E1B regions during transfection and subsequent culture of the cells. 


5.4.2 Site of Integration of E1 


The chromosomal integration site of the plasmid pIG.E1A.E1B in PER.C6™ was 
determined by using the multicolor in situ hybridization (MFISH) technique in com- 
bination with the principle of combined binary ratio labeling (COBRA).! This 
technique combines 24-color COBRA—MFISH using chromosome-specific painting 
probes for all human chromosomes with plasmid probe (pIG.E1A.E1B) visualization 
(25th color). 

The pIG.E1A.E1B integration site was determined using PER.C6™ cells that are 
derived from the research MCB (passage number 29). Cells were analyzed at passage 
numbers 31, 41, 55, and 99. Two-hundred-and-fifty metaphases and interphases were 
studied. 

pIG.E1A.E1B integration was only detected on chromosome 14 (Figure 9) and in 
both sister chromatids of the chromosome in all PER.C6™ passage numbers screened. 
75-80% of the 47 metaphases and 203 interphases consisted of integration of pIG. 
E1A.E1B in one chromosome 14, whereas 20-25% consisted of integration in two 
chromosomes 14.!°! 


5.4.3. Copy Number of the E1 Construct 


The number of copies of pIG.E1A.E1B present in the PER.C6™ chromosome was 
studied by southern blot analysis, dot bot analysis, and fiber FISH analysis.!°! 

Southern hybridization revealed the presence of several integrated copies of pIG. 
E1A.E1B in the genome of PER.C6™.,*5 

In addition, dot blot analysis showed a pIG.E1A.E1B plasmid copy number of 
19+3 (research MCB) and 24+16 (extended cell bank, passage number 99) per 
genome. 

From the results, it was concluded that PER.C6™ consists of five to six copies of 
pIG.E1A.E1B per haploid genome. 

Fiber FISH enables physical length measurements of in situ-hybridized DNA 
probes on linearized DNA fibers with a resolution equal to the theoretical length of a 
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Figure 9 Chromosomal localization of plG.E1A.E1B in PER.C6™ cells. Twenty five-color 
COBRA FISH with 24 human chromosome-specific painting probes combined with integrated 
plasmid probe DNA on PER. C6 metaphase chromosomes. One out of three chromosomes 14 
contains the integrated E1 construct; this chromosome is shown as an enlargement. 


linearized DNA molecule according the model of Watson and Crick (1 kb is 0.34 pm). 
Therefore, fiber FISH was conducted to measure the length of the integrated construct 
in the PER.C6™ cell line at passage number (pn) 31, 41, and 99. Twenty fibers were 
measured. It was determined that plIG.E1A.E1B was integrated in tandem copies in 
chromosome 14 of PER.C6™. The copy number of these in tandem integrations was 
determined to be: pn31: 13.6+6.1; pn41: 18+4.5, and pn99: 20.1+7.9. 

One integration site was detected per cell, which resulted in approximately five 
copies per haploid genome. 

In conclusion, one pIG.E1A.E1B integration site is detected per PER.C6™ cell, 
which results in approximately five copies per haploid genome. 


5.4.4 Chromosome Analysis 


PER.C6™ cells from cellular passage 44 and 66 were harvested for chromosome anal- 
ysis to determine the modal chromosome number and the karyotype in a sample of 
metaphase plates. Cells were harvested, and slides were prepared and stained using 
a standard giemsa banding technique. At each passage level, the number of chromo- 
somes in 50 metaphase plates was counted. Also, full karyotypes were prepared from 
each passage level. 
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At passage level 44, the chromosome number ranged from 43 to 160. The mean 
number of chromosomes was 72 and the modal number was 61. All metaphase plates 
examined had structural chromosomal changes and rearrangements. A marker chro- 
mosome 19 with additional material in the long arm (19q*t) was the most common 
alteration and was found in 14 of the 20 metaphase plates that were karyotyped. 

At passage 66, the chromosome number ranged from 42 to 112. The mean num- 
ber of chromosomes was 63 and the modal number was 64. All metaphase plates 
karyotyped again were found to have structural changes. The 19q* was again the most 
common change, observed in 15 of 20 karyotypes. There was also a marker chromo- 
some 11 with extra material in the short arm (11p*) in 14 of the 20 karyotypes and a 
marker chromosome 9 with additional material in the short arm (9p+) in 8 of the 20 
karyotypes. 

Several of the markers differed at the two passage levels, but the most common 
marker, 19q+, was the same. The continuing changes seen as passage level increases 
are typical of heteroploid continuous cell lines. 


5.4.5 DNA Fingerprinting 


PER.C6™ cells were also analyzed on two occasions by DNA fingerprinting. DNA profile 
analysis of PER.C6™ indicated no changes in the banding pattern obtained between 
the research MCB (pn 29) and an extended cell bank that was laid down at passage 
number 99. On a second occasion, a consistent DNA fingerprint was obtained between 
pn 45 and pn 67. There was no evidence of cross-contamination with other cell lines. 


6. Conclusions 


At the present time, the PER.C6™ cell line is the best substrate for the production of 
adenovirus vectors for gene therapy or vaccines. This conclusion is based on the abil- 
ity to obtain good yields and safety considerations. 

The major safety considerations are the possibility of: 


. the production of RCA; 

. atumorigenic risk from the transformed cell line; 
. the presence of abnormal prions; and 

. contamination by adventitial agents. 


bhwN = 


As described in this chapter, the lack of any overlap between the genome of the ade- 
noviral vectors that carry the E1 deletion and the adenoviral E1 sequences carried in 
the PER.C6™ cells makes homologous recombination impossible, thereby preventing 
the formation of RCA. 

It is well known that many transformed cell lines can produce tumors when injected 
into immunodeficient animals. As described, PER.C6™ cells produce tumors in nude 
mice when 107 cells are injected. They do not produce tumors, however, when 10° or 
103 cells are injected. Since it is not anticipated that there will be any PER.C6™ cells 
in a final product, this leaves the question of possible tumorigenicity of residual PER. 
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C6™ cellular DNA. Studies in nude mice and newborn hamsters in which DNA from 
PerC6 cells was injected were negative for tumor production. 

The possibility of the presence of abnormal prions that could produce a neurode- 
generative disease was also considered. This could occur if the PER.C6™ cells had a 
mutation in a prion gene or if the cells were contaminated with abnormal prions such 
as in bovine spongioform encephalopathy. As far as possible, all serum and trypsin 
batches used from the time of origin of the culture were traced and no contact of serum 
from British sources was identified. The PER.C6™ cell line was also adapted to SF 
suspension cultures. 

The prion protein gene of PER.C6™ cells was sequenced, and no mutations were 
found, and the cell line was shown to be heterozygous for the 129 M/V polymorphism. 
The cell line was also analyzed for the presence of abnormal prions at an early and late 
passage and an early passage of the HER parental line and none were found. In total, 
these studies indicate that the risk of a prion disease from the use of PER.C6™ cells 
is vanishingly small. 

Finally, extensive studies for known and unknown adventitial agents have been 
documented and are negative. 

While there can be no absolute elimination of risk, this body of studies indicates a 
minimal if any risk from the use of this cell substrate for the production of adenovirus 
vectors. As new studies are developed, they will also be applied to ensure that no haz- 
ards are present. It has often been pointed out that a continuous cell line such as PER. 
C6™ permits extensive analysis for adventitial agents and other safety concerns and 
thus is less hazardous than short-lived primary cell cultures for which testing must be 
repeated for each newly established culture. 
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1. Introduction 


Since the late 1950s, adenoviruses have been purified using classical methods of den- 
sity gradient ultracentrifugation. These methods were efficient and could supply the 
quantities of highly purified viral particles necessary for research. The need for larger 
quantities has arisen with the advent of the use of adenoviral vectors for gene therapy 
trials. In this chapter, we discuss the techniques for extracting adenoviral particles 
from a complex milieu. Selecting the best technique for purification requires an under- 
standing of the physical nature of the particles as well as the nature of contaminants. 
Knowledge of these properties is essential for developing a purification process that is 
sufficient to supply the commercial market for a therapeutic adenovirus. 


1.1 Physical Characteristics of the Adenovirus Particle 
in Solution 


There are numerous adenoviruses that possess specific tropism for many species of 
animals including human, bovine, ovine, equine, canine, porcine, murine, and simian 
adenovirus subgenera. Although many of these adenoviruses are capable of delivering 
a transgene to human tissues, the development of clinical adenoviral agents most often 
employs human adenoviral vectors derived from human adenovirus serotypes 2 or 5. 
Consequently, for the purposes of this discussion, the information given here refers to 
human adenovirus types 2 and 5. 


1.1.1 Particle Size 


Size and shape are key factors involved in purifying any macromolecule. These factors 
are equally applicable to adenoviruses, which are much larger than most biomolecules 
commonly purified. Adenoviruses are icosahedral in shape with fiber-like extensions 
from each of the 12 vertices. The adenovirus comprises DNA, protein, and carbo- 
hydrate. The viral DNA is packaged in a highly organized protein coat termed the 
“capsid.” Negative staining electron microscopy of the adenovirus capsid was used to 
estimate a diameter of 73nm along a fivefold symmetry axis with a vertex-to-vertex 
diameter of about 83nm.! Freeze fracture studies demonstrate a slightly larger cap- 
sid diameter. Fibers extending from each of 12 vertices increase the vertex-to-vertex 
diameter by about 40nm for human adenovirus serotype 5. Oliver et al.? employed 
photon correlation spectroscopy to characterize the adenovirus type 5 particles in 
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solution, reporting a molecular weight of 1.67x108Da and a corresponding particle 
diameter of 98 nm. 


1.1.2 Diffusion of Adenovirus Particles 


The adenovirus particle diffuses very slowly in solution. The diffusion coefficient for 
Ad-5 is 4.46 x10 m!?/s? in serum-containing media at 37°C. Figure 1 compares the 
diffusion constants of some well-known macromolecules to adenovirus. The large size 
and corresponding slow diffusion of adenovirus particles in solution require consider- 
ation in mixing because, given the density of the particle and its slow rate of diffusion, 
Brownian motion cannot be relied on to disperse the particle. If left alone the particles 
in solution would take weeks to reach equilibrium. However, gravity will intervene 
and cause the particles to sediment to the bottom of the container. Consequently, ade- 
novirus solutions require greater agitation than protein solutions to disperse the par- 
ticles evenly. 

The slow diffusion rate also complicates analytical methods. For example, the 
interaction between the virus and a cell takes much longer than protein—cell interac- 
tions because of the slow diffusion rate. Typical biological methods for quantifying 
particles depend on Brownian motion for bringing about virus—cell interaction. With- 
out accounting for this slow diffusion, the titer of the material tested may be underes- 
timated. This will be discussed in more detail below (see Section 3.2.2 of this chapter). 


1.1.3 Capsid Surface 


The surface of the adenovirus capsid is of particular interest when selecting a sepa- 
ration technique as there are many binding methods available. The adenovirus capsid 
consists of 252 capsomeres. Two hundred and forty of these capsomeres are hexons 
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Figure 1 The diffusion coefficients of macromolecules are related to their sizes. Adenoviral 
particles diffuse very slowly in solution. This slow diffusion rate affects mixing, separation, 
and analytical methods. 
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and 12 are pentons. Hexons are trimers of protein II and are the main structural com- 
ponent of the capsid. Pentons, constructed from penton base and fiber proteins, are 
prominent features as these structures protrude and add to the hydrodynamic radius 
of the virus particle. In addition, protein IIa and protein IX may also contribute to 
surface characteristics. Protein Ia is essential and two of these proteins are found at 
the junction joining adjacent facets together like stitching. Protein IX is not essential 
for capsid assembly but enhances the stability of the virus at higher temperatures. Four 
protein IX trimers stabilize a group of nine hexons (ninemers) that have assembled 
into a facet.* 

The hexon, which composes about 50% of the total virion protein, dominates the 
charge characteristics of the particle. Hexon capsomeres possess an isoelectric point 
(pI) near pH 6.! At physiological pH, the capsomere would be expected to bear a 
negative charge. The complete adenovirus structure would also be expected to show 
a net anionic surface charge under physiological conditions. It is generally advisable 
to avoid exposing the proteins to solutions at or near the pI because many proteins 
change conformation, degrade, or precipitate when titrated through it. 

Ninemers, hexons, and complete virions precipitate from solution when titrating 
the solution from pH 7 to pH 5.%6 If the particle is titrated through the pI rapidly 
and further lowered, losses occur but active particles can be recovered from solutions 
such as acetic acid. The virus is also stable up to around pH 8; the exact threshold is 
dependent on the composition of the solution. Exposing particles to a pH greater than 
8 generally leads to a loss of activity and particle disruption. 


1.1.4 Hydration of the Adenovirus Particle 


The degree of hydration of the particle is an important consideration for both puri- 
fication and stability of the adenovirus. Sedimentation by ultracentrifugation using 
Schlieren optics? suggested that the adenovirus particle contains a “hard core” (water 
excluded) of a diameter of 76nm, similar to that obtained using negatively stained 
electron microscopy. The difference between the “hard core” diameter of 76nm and 
the light scattering diameter of 98 nm is significant because it suggests that the particle 
contains water. The amount of water represented by the difference suggests that the 
virus particle contains 2.3 g of water for every gram of virus.” These observations are 
consistent with measurements of other viruses.’° 

While proteins are stabilized by the incorporation of a few water molecules (“waters 
of hydration”), the amount of water suggested by these studies is more than 21 mil- 
lion water molecules per virion. This amount far exceeds water typically bound to 
proteins. This degree of hydration corresponds to a theoretical density calculation of 
about 1.4 g/ml, which is very close to the observed density of 1.34 g/ml. The additional 
water should not be surprising because the virus exists in an aqueous environment. 
With these data in mind, however, the particle would be expected to show unique 
properties. 

The adenovirus particle is generally considered rigid. However, the degree of 
hydration suggests that a certain amount of flexibility should be considered. Because 
the particle is not encapsulated in a membrane small ions may have ready access to the 
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core (see Section 4). Changes in ionic strength may induce conformational changes in 
the capsid proteins; some of these may be beneficial for separation and some may be 
catastrophic. The particle may also be sensitive to rapid changes in salt concentrations. 
One might also predict that hydrophobic solvents should be avoided. 


1.2 Features of the Milieu 


Effective virus purification capitalizes on the differences between the physical proper- 
ties of the adenovirus relative to the components of the mixture from which it is being 
isolated. The exact composition of the milieu varies with the cell culture process and, 
to a lesser extent, every batch. In general, the large-scale purification of adenovirus 
requires the isolation of the virus from infected cell lysate taken from a bioreactor. 
This mixture consists of a formulated medium sometimes containing bovine serum, 
and less frequently antifoaming agents, or anticlumping agents (pluronics). Signif- 
icant amounts of additives, however, present difficult challenges for any recovery 
procedure. Efficient large-scale production requires high cell densities which in turn 
require high gas exchange rates. This can cause severe foaming and necessitate the 
addition of agents to control it. Other additives such as anticlumping agents and lip- 
ids adapt the media for large-scale cell culture. Cell lysis, necessary to release the 
adenovirus from the host cell, results in the additional release of DNA, protein, lip- 
ids, carbohydrates, and other cellular components. Culture conditions, media com- 
ponents, cell-derived contaminants, and additives may have a significant impact on 
downstream processing. 


1.2.1 Culture Conditions 


Adenoviruses are produced by infection of cell lines in culture with a viral seed stock. 
The particular cell line used requires a highly developed cell culture method to achieve 
maximum yield. Flat stock culture, although useful for small-scale work, is generally 
not sufficient for larger scale applications. Some of the cell lines used in flat stock 
culture have resisted attempts to adapt them to the suspension and serum-free con- 
ditions preferred for large-scale processes. A compromise is struck by the culture of 
attachment-dependent cells using microcarriers in a bioreactor. These microcarri- 
er-based processes introduce yet another component that must be separated from the 
adenovirus. Similarly, if serum is utilized, it will be necessary to consider the effective 
removal of its components. 


1.2.2 Construct-lnduced Contaminants and Considerations 


The viral construct may also contribute to the milieu as the viral DNA backbone may 
lead to the contribution of many more contaminants. For downstream purification, 
higher titers favor better recovery and cleaner preparations because recovery and 
purification are enrichment processes. Even with maximum productivity, however, 
adenoviral particles represent a small fraction of molecular entities produced by the 
end of the culture process. Therefore, factors affecting the end titer can also affect the 
process. 
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The majority of adenoviral vectors for gene therapy are serotype 5 and have been 
rendered deficient for replication in most cells. With the exception of replication- 
competent adenoviruses, most vectors have been crippled to eliminate their replication 
in normal human cells. In general, when compared to wild-type virus, deletions or 
mutations in the early genes tend to attenuate viral replication in all cell lines. Attenua- 
tion for replication is typically achieved by large deletions in the immediate early region 
E1. These vectors require specialized packaging cell lines for efficient production. 
Cell lines such as HEK 293° or PER.C6!° have been transformed with adenoviral 
DNA and provide sufficient E1 function in trans to enable replication. 

In addition to E1 deletions, many vectors possess deletions for much of the E3 
region. The deleted E3 genes are considered nonessential for viral replication and 
these deletions allow for larger transgene packaging capacity. Other deletions have 
been made to reduce the frequency of recombination during culture. Some vectors 
may have additional early gene deletions (e.g., in E4) as well as a deletion of pro- 
tein IX encoding sequences.'! Elimination of certain essential genes from the virus 
requires that the cell line be able to complement these protein functions in trans to 
package the virus. !? 

A significant unwanted by-product of adenoviral replication is DNA. Wild-type 
human adenoviruses are able to replicate in a variety of both quiescent and prolifer- 
ating human cells due to the function of adenoviral immediate early genes. Ela pro- 
teins can be observed within an hour after infection, as cellular transcription factors 
are sufficient to transcribe the Ela genes. El expression initiates the adenoviral life 
cycle by altering the cell cycle machinery to induce cellular DNA replication even 
in quiescent cells. Viral and cellular proteins activate subsequent viral transcription. 
New copies of viral DNA are synthesized and viral production proceeds in a replica- 
tion cascade. By the end of viral DNA replication, a large amount of DNA is present 
in the infected cell. 

The purpose of a gene therapy vector is to convey a therapeutic effect by the deliv- 
ery and expression of therapeutic genes. Many of these transgenes have a significant 
effect on the cells and adenoviral life cycle. Some genes, such as the retinoblastoma 
protein and the cyclin-dependent kinase inhibitor p21, directly affect the levels of acti- 
vated E2F. E2F is a cellular transcription factor that is necessary for the transactivation 
of the adenoviral E2 promoter and thus the expression of viral DNA replication pro- 
teins. Other transgene products, such as pro-apoptotic proteins, can overcome the ade- 
noviral block to apoptosis leading to early cell death and can interfere with adenoviral 
particle assembly. Secreted pleiotropic transgene products, such as growth factors, 
can trigger undesired effects in the packaging cell and severely attenuate production. 
Before adenoviral DNA can be coated with viral core proteins, the DNA is available 
for transcription. In this way, some adenoviral genes, especially those encoding capsid 
components, are not expressed until DNA replication occurs.!* During this phase, the 
expression of transgene product is enhanced by the replication cycle itself by expand- 
ing the copy number of the transgene with each copy becoming available for transcrip- 
tion. Strong exogenous promoters may also sequester transcription factors and the 
cellular protein synthesis machinery can become clogged with transgene expression 
leading to attenuated adenoviral protein production. If the sequence of events leading 
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to particle maturation is disturbed, even by an imbalance in protein production, large 
quantities of viral proteins, incomplete particle assemblies, transgene products, abnor- 
mal cellular structures, and in some cases extreme amounts of extracellular proteins 
can be added to the milieu. These complications can significantly impede purification 
and add to the analytical requirements. 


1.3 Summary of Characteristics 


The attributes of the adenoviral particle, the culture process, components of the 
media, and properties of the vector itself have significant impacts on the design of 
a purification process. Table 1 outlines the salient aspects of the particle and the 
lysate. 


2. Recovery and Purification of Adenoviral Particles 


Purification must take place in the context of a complicated lysate. Table 2 summarizes 
the key features of the adenovirus particle and suggests recovery techniques that may 
be employed. Together, the features of the particle and the milieu point to a sequence 
of process steps that yield purified adenovirus (Table 1). Because the particles are 
produced in cells, the first recovery step is harvesting of the infected cells. The next 
step requires lysis of the cell to release the virus. The cell lysate contains cell debris 
so a clarification step is necessary to protect downstream steps. A substantial amount 
of DNA is present and must be eliminated early in the process. The clarified lysate 
is too crude for high-resolution purification so an initial purification is needed. Once 
the preparation has been simplified by the initial purification, a fine separation step 
removes the remaining contamination. The purification may utilize salts or buffers 
that are undesirable for use in the clinic. These components may need to be exchanged 
for a final formulation. The following sections provide techniques to accomplish this 
sequence. 


2.1 Harvest Methods 


Cells grown and infected in large-scale flat stock culture eventually detach from the 
surface. Alternatively, trypsin may be used to detach cells before the onset of a cyto- 
pathic effect (CPE). Cells free in the medium may be collected by centrifugation or fil- 
tration. Cells grown in suspension are also harvested in the same manner. Cells grown 
on microcarriers may be harvested by allowing the cells to settle so that the spent 
medium can be decanted. Infected cells may be removed from the microcarriers by 
trypsinization or processed while still on the carrier. Infected cells remain suspended 
and therefore can be decanted with the spent medium. 

In order to maximize the harvest yield, one should consider the point at which 
harvest occurs. The life cycle of the adenovirus was thought to terminate at the time 
a CPE is observed. Analysis using anion exchange high-performance liquid chroma- 
tography (AEHPLC; Section 3.6 of this chapter), however, demonstrated that the peak 


Table 1 Properties of Adenoviral Particles 


Property 


Data 


Consideration 


Issues 





Diffusion 


Water content 


Viral genome 
alterations 





4.46 x 10-12 m2/s 


High compared to 
proteins 


Viral, cellular, 


and transgene 
expression 


Complex 





Filtration, centrifugation, 
chromatography, freezing, 
and thawing 


Fragility, salt concentration, small 
ions, solvents, 
freezing, and thawing 

Early gene alterations and deletions 
overexpression of transgene 
products 


Contaminants 





* Slow diffusion rate may provide a means for separation 
on filters and chromatography resins. 
Centrifugation not counteracted by diffusion. Mixing will 
be problematic especially during freeze-thaw operations. 
Slow diffusion may decrease concentration-dependent 
aggregation. 
Assays are hindered 
Particle may be swelled with water. 
High salt and solvents may result in degradation. 
Sensitivity to shearing forces. 
Cell lysate may contain many incorrectly assembled 
particles, adenoviral protein structures, and unusual cellular 
structures that are similar in size to adenoviral particles. 
Transgene product maybe a contaminant that could 
confound potency assays. 
High titers result in less difficult purification 
Particle assay for crude materials. 
DNA, lipids, BSA, antifoaming agents, anticlumping 
agents, and other contaminants may bind to the particle 
and copurify or foul filters and resins. 
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Table 2 Physical Properties of Adenovirus Particles that Can Be 
Exploited for Purification 


Property | Data 


Method 


Issues 





Density 1.34 g/ml 


Size ~100nm 


Surface Protein: ionic, 
hydrophobic, 
specific surface 


chemistry 


Density gradient 
ultracentrifugation 

Filtration 

Size exclusion 
chromatography 


Ton exchange, hydro- 
phobic interaction, 
affinity chromatog- 
raphy ligand binding 


Classical method—small 
scale. 

Some cell debris similar 
size, lipids, and cell culture 
additives may interference. 
Particle larger than resin 
pore sizes. 

Could be used for buffer 
exchange. 

Scalable methods employed 
for protein purification. 
Well-established literature 
to predict behavior of cell 


filtration 
Reversed-phase 


culture components. Particle 
size larger than pore sizes. 
chromatography, Solvents may be problematic. 


solvent extraction 
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Figure 2 Adenoviral particle production can be followed using anion exchange high-performance 
liquid chromatography as discussed in Section 3.6. The per cell productivity was monitored 
during an SL bioreactor run with a replication-deficient type 5 adenovirus grown in HEK 


293 cells. The completion of particle production occurred before obvious signs of cytopathic 
effects are manifested. 


of particle production occurs before cells begin to detach. Figure 2 shows the particle 
count taken at various time points during a bioreactor process. In most bioreactor 
runs the particle concentration drops slightly from the peak, but in some cases the 
particle concentration falls to as low as 10% of the peak value in just a few hours. 
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This phenomenon underscores the need to monitor the process carefully to obtain 
maximum yield. 


2.2 Lysis Methods 


Following recovery of the infected cells, the adenovirus must be released from the cell. 
This is accomplished by lysing the cell. There are many methods available for both 
large- and small-scale cell lysis. The most useful of these methods are discussed below. 


2.2.1 Freeze Thaw 


Cells burdened with a full viral load are fragile and easily disrupted. Freezing and 
thawing the infected cells achieve the release of virus. This method is attractive at 
small scale because it does not require specialized equipment. It is less attractive at 
large scale because the freezing and thawing of a large sample are difficult to control. 
Consequently other methods are preferred for large scale. 

The freeze-thaw lysis method requires that one observe how the solution freezes 
and how it thaws. During the freezing process, solutes, such as salts, proteins, and 
free viral particles, depress the freezing point of the solution. Small ice crystals of 
pure water begin to form. The solutes excluded from the ice tend to concentrate in 
spaces between the ice crystals. These areas of concentrated solutes experience freez- 
ing point depression. If the freezing process is too slow, the virus may be found in 
highly concentrated bands. Once the thawing process begins low molecular weight 
solutes are free to diffuse away rapidly, but adenovirus particles remain roughly in the 
same place, owing to their large size and slow diffusion constant. Given that nearly all 
proteins precipitate from solution at a critical concentration, one would expect that the 
virus particle would also be similarly limited. At temperatures above 0°C, frequent 
collisions among particles lead to an aggregation cascade. While freeze-thaw releases 
more than 90% of the virus in three cycles under favorable conditions, improper con- 
trol may lead to greater than 50% loss. 

Consideration for damage and loss of the particles represents the greatest concern. 
Damage may not be obvious at first when a structure as large as a virus is involved; rather, 
damage suffered during early recovery steps may manifest itself as reduced stability of 
the purified virus. Particles are packed into the cell in a tight array; once released the viral 
particle can aggregate. Collisions leading to aggregation in the cell may be limited by 
mediating proteins, which impede movement and hold the particle in the soluble array. 

The control of pH and salt concentration is also critical for freeze-thaw. Some buf- 
fers such as phosphate do not maintain buffering capacity when the solution freezes. 
This may be because sodium phosphates precipitate at low temperatures. 


2.2.2 Homogenization 


A useful method for cell disruption used for recovery of recombinant proteins involves 
passage of bacterial or yeast cells through a small orifice under pressures up to 
20,000 psi. On passage through the orifice, the cells expand and rupture as they expe- 
rience a sudden drop in pressure. The French press has been used for this purpose at 
laboratory scale for many years.'* Large-scale processing using this principle may be 
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Figure 3 Methods to lyse infected cells vary from repeated cycles of freezing and thawing 
to microfluidization. The cell can be lysed by a sudden pressure drop generated by several 
different means. This experiment used anion exchange HPLC to measure the recovery of 
particles over a range of pressures in a microfluidizer. Samples were also submitted for titer 
and showed the same trend. Particle recovery declines at differential pressures above 600 psi. 
Similar results were obtained using a nitrogen bomb apparatus (data not shown). 


accomplished using a Gaulin homogenizer (APV Gaulin, Wilmington, MA). Lysis of 
infected mammalian cells can also be achieved using a similar device. However at the 
pressures under which this method is normally used to rupture bacterial cells viral loss 
is observed. To protect the virus the pressures must be minimized. Figure 3 illustrates 
this effect by comparing the recovery of adenovirus particles after lysis at different 
fluidization pressures in a microfluidizer. 


2.2.3 Sonication 


Sonication is widely used for breaking small quantities of cells for research!* because 
it is rapid and convenient for small samples. This method results in excellent release 
of virus from infected cells. Disadvantages of this method include the generation of 
heat, production of free radicals, and attendant chemical damage, as well as the lack 
of equipment suitable for large-scale applications. 


2.2.4 Simultaneous Harvest and Lysis 


Using a continuous flow centrifuge bacterial and yeast cells can be readily harvested 
at large scale by the use of continuous flow centrifuges. The use of these devices to 
harvest intact mammalian cells is less certain. These centrifuges are configured to 
concentrate and harvest cells by different means. To aid in the separation these centri- 
fuges often are fitted with a series of conical discs inside the rotor. All systems expose 
the cells and liquid to a centrifugal field, allowing the cells to be concentrated in the 
interior of a hollow rotor. Supernatant, which has a lower buoyant density, flows out 
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of the rotor. The “pellet,’ which remains liquid, collects in the rotor, exits through 
restrictions on the outer edge of the rotor, or is ejected in a discharge cycle as the 
rotor opens. This third method is to briefly open the rotor on the outer edge while it is 
spinning. If the rotor is opened for just a fraction of a second, the pellet is discharged 
and little supernatant is lost. Generally, these centrifuges develop between 10,000g 
and 20,000 g. Fragile cells, such as mammalian cells, are particularly at risk of lysis 
in both the discharge- and the nozzle-type disc stack machines because of the shear 
forces and rapid pressure changes. For the same reason these systems are ideal for 
large-scale concentration and lysis of infected cells.!5 Shear from the rotating discs 
provide some cellular disruption and the rapid pressure drop from discharge finishes 
the job. The resulting lysate may be further clarified. 


2.2.5 Lysis during Filtration 


Another method used for lysis is cross-flow filtration. Cross-flow filtration, also 
known as tangential flow filtration, separates particles in solution by passing the solu- 
tion along the surface of a membrane. Liquid passes through the membrane because 
of the pressure differential across the membrane. Particles and solutes are retained if 
they are larger than the “cutoff size” of the membrane. Cross-flow systems are con- 
figured to allow for recirculation of material along the membrane surface. In this way, 
larger components are retained (retentate) and smaller components are collected in the 
passed liquid (permeate). Membranes may be configured in flat plate, spiral wound, 
or hollow fiber systems. Cutoff sizes vary from particles visible to the eye down to 
molecules as small as 300 molecular weight. A typical clarification operation can be 
achieved by using either a 0.45 um or a 0.2 um nominal cutoff size. Infected cells in 
this system are exposed to both shear and rapid pressure drops. The advantage of these 
systems is that the viral particles, which are slightly less than 0.1 um in diameter, are 
not allowed to traverse the filter until they have been released from the cell. Cellular 
debris is retained and, therefore, separated from the virus. 


2.2.6 Lysis with Detergent 


Detergent lysis is a simple and robust alternative lysis method. Nonionic detergents 
(such as Tween, Triton, and Brij) are commonly used to solubilize membranes and, as 
a result, release adenovirus from cells with varying kinetics and efficiency. Whereas 
detergent will inactivate enveloped virus, adenovirus, a nonenveloped virus, is stable 
in the detergents. It is recommended that the concentration of detergent and other lysis 
buffer components, as well as the time, be optimized for lysis. Tween and Triton have 
been widely used with success in the range of 0.05—-1%. Detergent lysis is simple to 
carry out at both the lab and the manufacturing scale. It provides an additional benefit of 
providing some level of viral clearance for enveloped virus even at low concentrations. 
However, additional process steps (such as density gradient or ion exchange chroma- 
tography) are recommended for removing the detergent for final formulation if there are 
concerns of residual detergent in the finished product. Dialysis is ineffective with deter- 
gents that readily form micelles because the micelles may be too large to pass through 
the membranes. Micelle formation may be strongly affected by salts in the media. 
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For adherent cell culture (flat stock or microcarriers), the spent medium can be 
easily removed and the adenoviruses can be treated with harvest buffer containing 
the detergent for a period of time sufficient to lyse the cells. The adenoviruses will 
be released from the cells into the buffers and the cellular debris can be removed by 
coarse filtration. For suspension cell culture, the detergent lysis process can be carried 
out either by direct spiking of the detergent into the culture or by adding a harvest 
buffer containing the detergent after medium removal (centrifuge or microfiltration). 
The mixing time, temperature, and agitation speed need to be optimized to achieve the 
highest recovery. To greatly reduce the storage volume at large scale, a microfiltration 
step (concentrating the infected cells) prior to adding detergent or an ultrafiltration 
step after the harvest may be desirable. 


2.3 Clarification 


The lysis procedure releases the virus from the packed array inside the cell into the 
medium. All procedures produce cell debris, which must be removed before purifica- 
tion. A common procedure for lysis includes concentration of the intact cells followed 
by lysis. This method works well at the laboratory scale and may be necessary for 
production with viral vectors that exhibit poor per cell productivity. With optimized 
culture methods overconcentration becomes a concern. Highly concentrated lysates 
exhibit significant losses during lysis and clarification. The loss seems to be associated 
with aggregation of the virus particle. 


2.3.1 Centrifugation 


Centrifugation at low relative centrifugal force (RCF, 1000 x g min) is sufficient for cell 
debris removal. Centrifugation in a swinging bucket centrifuge is a common method 
and can be efficient for volumes below 51. The disadvantages include performing this 
operation using an aseptic technique and the possible generation of an aerosol of virus 
particles. Centrifugation at higher RCF can lead to the loss of virus. Figure 4 shows rel- 
ative yield loss over time of particles after centrifugation for 5 min at increasing RCF. 


2.3.2 Filtration 


Filtration is another clarification method. Either cross-flow filtration or dead end single 
pass filtration can be used to remove debris.! A study employing a variety of mem- 
branes with varying compositions is necessary for optimizing yield. Some membrane 
materials bind proteins and may also bind adenovirus. Membranes composed of poly- 
ethersulfone possess low protein binding characteristics. Adenovirus will pass through 
these membranes with excellent yields if the concentration of the adenoviral particles 
is kept below 5x 10!! particles/ml. Most filters are rated by their performance in pass- 
ing dyes or particles of standard sizes. However, manufacturers generate membrane 
pores in different ways. Some membranes possess pore sizes similar to the cutoff size; 
whereas most possess pores much larger than the cutoff. These types of membranes 
rely on the torturous path the solute must follow to get through the membrane. Proteins 
and other contaminants can interfere with filtration by forming a barrier that effectively 
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Figure 4 The density of adenoviral particles is significantly higher than most lysate components. 
Samples of infected cell lysate were spun in an Eppendorf Microfuge Model 5415c at 

4°C for 5 min at different speeds. Recovery of particles was measured using anion exchange 
HPLC. Yields were plotted against relative centrifugal force (RCF). Particle loss occurred 
when the sample was subject to RCF greater than 3000g min. 


reduces the pore size. Adenovirus can be filtered through some 0.22 um membranes 
with better than 90% yield, but the membrane must be selected by experimentation. 
Fortunately, adenoviral preparations may be sterilized by 0.22 um filtration with filters 
available from many manufacturers such as Millipore, Gelman, or Sartorius. 


2.3.3 Expanded Bed Chromatography 


Expanded bed chromatography removes cell debris using an upward flowing chro- 
matography column partially filled with large or dense beads.!™-!° “Expanded bed” 
differs from “fluidized bed” in that the suspended bed is stabilized by a gradient of 
bead densities so that mixing is minimized. Resin of this type is available from GE 
Healthcare Life Sciences. In this mode of operation, the column is fed from the bot- 
tom at a flow rate sufficient to suspend the beads throughout the column but not cause 
the resin to pack at the top. Supernatant exits through the top frit. After absorption 
of the entire volume to be clarified, the direction of flow reverses and the column is 
packed, washed, and eluted. The main advantage of this technique is that it accom- 
plishes debris removal and column chromatography in one unit operation. Drawbacks 
include the need for a special column and a special resin, limiting flexibility. The flow 
rate for loading the column is restricted to a rather narrow range by the requirements 
to keep the bed suspended but not packed at the top of the column. 


2.3.4 Digestion of DNA 


Lysis releases a large amount of DNA both in large and in small fragments. Some of 
the DNA associates with DNA binding proteins and are found in large structures. DNA 
(and RNA) digestion is necessary because this contaminant promotes aggregation and 
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complicates downstream processing. The adenovirus particle possesses sufficient sur- 
face area such that significant amounts of DNA bind to the capsid despite the anionic 
surface charge of the particle. Much of this DNA is viral and if not separated can be 
taken up by the target cell causing abnormal replication. In some cases, E1 can be 
cotransfected with an El-deficient particle and can give rise to the generation of rep- 
lication-competent adenovirus. Consequently, it is important to eliminate as much of 
the exogenous DNA as is practical. 

Fortunately, nucleases such as Benzonase® (Merck KGaA, Darmstadt, Germany) 
are available in highly pure forms are able to digest the majority of the complicating 
nucleic acids. The enzymes function best at 37°C near pH 7 in the presence of mag- 
nesium ion. The salt concentration is also critical as high salt inhibits the enzymes. 
Aggregation of the adenovirus, which depends on collisions, occurs more rapidly at 
warmer temperatures, whereas the enzymes function poorly below 15°C. The lysate 
must be cleared of debris because the quantity of host cell and free viral DNA com- 
petes for enzyme and results in incomplete digestion. A compromise is to perform 
a modest clarification (see above), adjust the salt concentration by dilution, buffer 
the solution to maintain physiological pH, add magnesium ion, and then perform the 
digestion at room temperature. The final concentration of nuclease can be increased 
to accelerate the process. 


2.4 Purification 


Once the clarified lysate is free of exogenous DNA substantial purification can proceed 
by a variety of techniques. At small scale both chromatographic or density gradient 
centrifugation methods are effective. Large scale, however, favors chromatography. 


2.4.1 Ultracentrifugation 


Meselson et al.” presented a method for determining the molecular weight and partial 
specific volume of macromolecules by density gradient centrifugation. This technique 
has been particularly useful for macromolecules such as DNA and viruses. Salts, such 
as CsSO, and CsCl, form density gradients when subjected to a strong centrifugal field. 
Macromolecules separated from contaminates on the basis of their respective buoyant 
densities collect in bands at their own density if the sample is centrifuged to equilibrium. 
Adenoviruses can be purified using this technique because the buoyant density of 
the particles is approximately 1.34 g/ml. A typical purification scheme is a three step 
process where the infected cell is lysed and the DNA is digested. The sample is then 
applied to a step gradient of CsCl in a tube where the density of the bottom layer of CsCl 
is around 1.4 g/ml and the top layer is around 1.25 g/ml (both layers are buffered with 
Tris to approximately pH 8). After spinning at approximately 150,000 x g for 1—2h, the 
virus separates from cellular debris and collects in a band between the CsCl layers. The 
band is collected by puncturing the tube and drawing the material out with a syringe. 
This collected band is then mixed with CsCl at 1.35 g/ml, placed in a centrifuge tube, 
and subjected to 200,000 x g overnight. The intact virus separates from DNA, proteins, 
and defective particles and is collected as before. CsCl is then removed by dialysis. 
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This method is easy to perform and yields high-purity virus preparations. Unfortu- 
nately, the process time required is long. CsCl must be removed from the final product, 
and specialized equipment is required. The main disadvantage is that this process can- 
not be performed at the large scales demanded for pivotal clinical trial or market use. 


2.4.2 Purification by Chromatography 


Column chromatography is by far the most versatile and powerful method for purifi- 
cation of viruses. The methods described above serve to prepare the viral preparation 
for chromatography by freeing it from cells, cell debris, and interfering substances. 
The clarified lysate must be in a buffer suitable for application to a chromatogra- 
phy column. Modes of chromatography applicable to viruses include ion exchange, 
reversed phase, hydrophobic interaction, size exclusion (gel filtration), immobilized 
metal chelate, affinity, etc. For each mode, one could choose from many commer- 
cially available resins and mobile phases. The selection of an optimal sequence of 
chromatography steps has been made easier by commercial instruments that are able 
to perform a systematic search of columns and gradient conditions. Books and review 
articles describe these modes of chromatography and offer strategies for selecting the 
best combination.”!~*’ Specific purification methods for adenoviruses are also found 
in the literature.”® 

Fundamental differences distinguish analytical and preparative chromatography.”? 
Analytical runs are performed by injecting a small amount of sample onto a column 
with high resolving power. Such columns typically have very small particle size beads 
(3-10 um), high theoretical plate numbers, and rapid run times under high pressure. 
The result of the run is judged by the appearance of the chromatogram; that is, the 
peaks should be symmetrical, narrow, and well resolved. Preparative runs, in contrast, 
are carried out by applying a large sample load (usually near the maximum for the 
column) using columns of 1-5001 bed volume packed with larger beads (20—90 um 
or larger). The cost of the packing becomes more significant for such large columns. 
The result of the preparative run is measured by the ability to recover pure fractions 
from the column with high yield. This means that an analytical technique is needed 
to judge the purity and yield of the fractions. AEHPLC and reversed-phase HPLC 
(RPHPLC)*°*? serve as the two most powerful analytical techniques (see Section 3 
of this chapter). Without such information, the outcome of a preparative separation is 
not known because the chromatograms for many preparative separations are complex 
and difficult to interpret. 

Method scouting is conveniently done on small columns in high-pressure systems 
(HPLC, FPLC) in order to speed development and conserve material. Media with 
smaller bead sizes may be used provided larger bead sizes are also available. Pre- 
liminary screening should identify two modes of chromatography able to resolve the 
virus of interest from the contaminants. The first column step usually employs a resin 
with high binding capacity and/or high selectivity for the product; otherwise, a very 
large column may be needed. Anion exchange chromatography is often selected as 
the first step. Adenoviruses do not adsorb to cation exchange resins at physiological 
pH, but this type of resin may be used as a first step. While the adenovirus passes 
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through cation exchange columns, some protein contaminants will be removed from 
the viral solution. For adenovirus, this method is not needed. Resins for each step 
are then selected based on resolution, recovery, speed, and cost, and possibly other 
factors such as freedom from extractable materials and availability of documentation 
required for the production of clinical material for human trials under current Good 
Manufacturing Practices (CGMP, Part 21CFR). The mobile phase is selected and the 
gradient optimized. Sample volume and concentration influence resolution in column 
chromatography so both of these parameters must be optimized as well. All of this 
work can be done on relatively small columns. The product produced at a small scale 
should meet all of the purity requirements desired for the final product. 

Scale-up of chromatography steps is performed by maintaining the media bed 
height and linear flow rate of the mobile phase while increasing cross-sectional area 
(hence column volume) of the column. Fine-tuning of the process is usually done at 
the production scale; only minor adjustments should be needed. 

Column packing instructions depend on the particle size and nature of the resin.” 
The resin manufacturer’s instructions should be followed and then checked by mea- 
suring theoretical plates, n, for the column with acetone (UV detection) or sodium 
acetate or sodium chloride (conductivity detection). The theoretical plate number can 
be measured from the chromatogram by the formula”? 


t, 
n= 5:55 ( 
W1/2 


where f is the retention time and w,» is the width of the peak at half of its maximum 
height. Sometimes the width is measured at the baseline. In this case, the constant in 
the equation changes from 5.54 to 16. The plate number increases with column length. 
Often it is useful to correct the plate number of column length, yielding a parameter 
known as “height equivalent theoretical plate” (HETP), given by 





L 
Herp =, 
n 





where L is the length of the column in centimeters. These parameters offer a simple 
way to monitor column performance over time. Care should be taken to avoid intro- 
ducing air into the column because air pockets degrade performance and may neces- 
sitate repacking of the column. 

Columns should be cleaned after use and stored in a suitable bacteriostatic environ- 
ment? following the manufacturer’s directions. Most process resins can be cleaned 
and sanitized with sodium hydroxide solutions in the range of 0.1-1 N (exception: 
silica-based materials dissolve at alkaline pH). 


2.4.2.1 lon Exchange Chromatography of Adenovirus 

Ion exchange chromatography offers a powerful method for adenoviral fractionation 
because of its high capacity and resolution. Ion exchange chromatography exploits 
the charge that proteins carry on their surface. The net charge of these groups varies 
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with pH and the amino acids exposed in the protein surface.?” Adenoviral capsids 
are highly anionic in nature, making anion exchange ideal for purifying them. Anion 
exchange resins carry positively charged groups such as diethylaminoethyl (DEAE) or 
quaternary amino ethyl, which bind anionic proteins in a manner that depends on pH. 
Elution may also be accomplished by changing pH to eliminate the ionic interaction 
with the protein. For proteins, it is helpful to know the isoelectric point of interest and 
how the protein charge varies with pH. These properties can be measured by isoelec- 
tric focusing and electrophoretic titration.” Good binding and elution characteristics 
are often obtained about 1-1.5 pH units above the isoelectric point for anion exchange 
or an equal increment below the isoelectric point for cation exchange. 

The predominate capsid protein is the hexon, which possesses an isoelectric point 
near pH 6. As noted above the particle is only stable in a narrow pH range near pH 7. 
Ion exchange resins also bind protons (cation exchange) or hydroxyl ions (anion 
exchange). Increasing salt concentration may lead to large changes in pH because salt 
competes with protons or hydroxyl ions for binding sites on the resin. One should be 
alert to the possibility of pH changes, possibly as much as one pH unit during chro- 
matography. Maintaining the pH with the correct buffer at sufficient concentration is 
important for stabilizing the pH during elution. 

Several ion exchange resins should be tested for binding capacity and resolution at 
a constant flow rate because resins with the same functional group may differ consid- 
erably in these properties owing to differences in their backbone, density of substitu- 
tion, or other factors. After selection of the resin and mobile phase the other critical 
parameters can be optimized: sample load and volume, flow rates for absorption and 
elution, and elution gradient. 

Hexon is a noncovalent trimer that is anionic at pH 7. The capsid is composed of 240 
of these capsomeres and gives the particle a large number of negative charges on the 
surface at neutral pH. Proteins bind to ion exchange resins in low salt (5-50 mM NaCl) 
and elute with high salt (0.1-1 M). Concerted binding of capsomeres in the capsid to 
the resin allows the particle to adsorb at higher salt concentrations than those used to 
elute endotoxins and most proteins. This allows easy separation of viral particles from 
proteins. Most chromatographic resins are optimized for different classes of ligands by 
making the resin particle with various pore sizes. Proteins and other ligands have access 
to a substantial amount of resin surface area inside the pores. Adenoviral particles do 
not have access and are limited to the outer surface of the resin. Large fragments of 
DNA, however, are also highly anionic but with a higher charge density. Consequently, 
DNA elutes at higher salt concentrations than adenovirus. These properties result in 
an order of binding and elution for the constituents of a clarified lysate. At buffered 
salt concentrations as high as 350mM NaCl, the particle binds to the column whereas 
nearly no free proteins bind under these conditions. Large DNA-protein complexes 
such as incorrectly assembled particles and some cellular structures bind under these 
conditions. DNA binds tightly. Using a linear salt gradient the order of elution will gen- 
erally be proteins first, followed by complex contaminants, viral particles, other cellu- 
lar derived structures, and lastly DNA that has escaped digestion. The elution of these 
components results in excellent separation between peaks (Figure 5). Purification yields 
are as great as 99% but can be lower if the peak must be trimmed to improve purity. 
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Figure 5 Anion exchange chromatography is the most robust method for recovering and 
purifying adenoviral particles from crude stocks. Monitoring the optical density at 280 and 
260 nm allows the chromatographer to easily recognize the fractions containing adenovirus by 
taking a ratio of A260 to Avgo. The ratio for pure virus is around 1.25. The chromatogram above 
is plotted as the optical density vs. the number of column volumes of materials that have been 
pumped through the column. In this example, DEAE Fractogel 650M (EM Sciences) was 
used. The column was buffered in 5|0 mM HEPES, pH 7.5, at room temperature throughout the 
process. Infected cell lysate was loaded onto the column with an adjusted salt concentration 
of approximately 350mM NaCl. The load produced significant absorbance as the majority of 
contaminants passed through the column. More contaminants were eluted during a post loading 
wash with equilibration buffer. Elution was with a linear salt gradient from 350 to 600 mM 
NaCl. The adenovirus peak is well resolved at the end of the chromatogram. The approximate 
salt concentration of the collected peak was about 450mM NaCl. Column cleaning 
was achieved with 1 M NaCl and 0.5 N NaOH (data not shown). The column height for this 
chromatography was about 5cm. The chromatography looks the same, however, at 10cm bed 
height. Scale-up produces the same chromatogram if the column diameter is increased using 
the same bed height and the flow rate is adjusted accordingly. 


2.4.2.1.1 Disposable lon-Exchange Membrane Absorber Disposable membrane 
absorbers (such as Mustang Q® from Pall Scientific and Sartobind Q® from Sartorius) 
have become popular for the ion exchange chromatography process, especially during 
clinical product production. The disposable membrane absorber technology exploits 
same principle as that of traditional resin chromatography. However, the membrane 
absorber technology provides the advantage of: (1) faster flow rates, operate at flow 
rates between 10 and 40 membrane volumes per minute, making them much faster 
than conventional columns which typically operate at 0.5-3 column volumes per 
minute; (2) higher binding capacity; (3) no packing or cleaning validation required for 
clinical usage; (4) no resin lifetime issues or storage issues. 

Manufacturers specifically design these membrane absorbers with the same bed 
height for the scale-down model and large-scale products. Therefore, a linear scale-up 
process can be simply achieved by maintaining the linear flow rate. The ease of linear 
scale-up ensures a shortened process development time by significantly reducing the 
reoptimization required between scale-up steps. 
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Figure 6 High-resolution techniques, such as zinc metal affinity chromatography, are needed to 
complete the purification of adenoviral particles. TosoHaas AF chelate 650 M immobilized metal 
affinity resin was charged with divalent zinc. The column was equilibrated at room temperature 
with 450mM NaCl in 50mM HEPES at pH 7.5. DEAE adenovirus fractions (Figure 5) were 
loaded onto the column followed by a wash with equilibration buffer. Remaining contaminants 
eluted from the column during the load and wash. The adenovirus was eluted from the column 
with a 500mM glycine step gradient. After elution, the column was stripped with EDTA 
followed by 1M NaCl and then 0.5 N NaOH (data not shown). 


2.4.2.2 Immobilized Metal Affinity Chromatography of Adenovirus 
In 1975 Porath showed that metal ions could be linked to a column in a 1:1 complex 
with a chelating ligand, iminodiacetic acid, bound to the column.***> These columns 
had unique properties for fractionation and provide orthogonal methods for purifica- 
tion. This technique is referred to as “immobilized metal affinity chromatography” or 
IMAC. Beaded agarose is the most common support and iminodiacetic acid remains 
the most popular chelating ligand. Such columns can be charged with a variety of diva- 
lent metal ions; Zn**+ and Cu? are preferred for protein chromatography.*° Adenovirus 
particles bind readily to Zn?* charged resin whereas Cu” is not as efficient. Excess 
metal ion is removed by washing before applying protein. Bound metal ion forms a 
coordination complex leaving some coordination sites free to interact with proteins. 
Protein binding typically occurs through histidine residues,” which occupy the free 
coordination sites. However, coordination with epsilon amino groups is also probable. 
Elution can be achieved either by changing pH or by adding competitors such as imid- 
azole or glycine, for the binding sites. Ethylenediaminetetraacetic acid (EDTA) can be 
used to elute the column, as EDTA strips the metal from the column and the protein. 
IMAC works well as a polishing step for purification because it removes resid- 
ual host cell contaminants. Because IMAC can be operated under high salt condi- 
tions, fractions from an initial recovery column, such as anion exchange eluate, can 
be loaded directly on the equilibrated and charged column. The buffer selected must 
not strongly chelate metals, of course. The yields typically fall in the range of 60-80% 
and the purity is greater than that with CsCl ultracentrifugation methods. Figure 6 shows 
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a chromatogram of adenovirus type 5 purified with zinc charged IMAC and eluted 
with a step gradient of glycine. 

Modifications to the fiber can also affect the chromatography. Interestingly, “fiber- 
less” adenovirus, vectors that have been altered to express truncated fiber protein, bind 
normally to anion exchange resin, but do not bind at all to IMAC charged with zinc. 
Presumably the residues serving as zinc binding sites have been removed from the 
surface of the fiber by mutation. Alternatively, the adenovirus fiber can be engineered 
to provide histidine repeats that will bind to Ni?* very effectively.*” 


2.4.2.3. Reversed-Phase Chromatography 

Reversed-phase HPLC can be used for analysis of adenovirus particles or as a polish- 
ing step after initial purification by anion exchange chromatography. The recoveries 
for the preparative method run in the range of 20%, which is poor compared to other 
methods. The lower recovery may be related to the presence of organic solvents in 
the mobile phase as high molecular weight proteins tend to denature or precipitate. 
Recoveries may be improved through careful selection of column, solvent, ion pairing 
agent, and pH. 


2.4.2.4 Hydrophobic Interaction Chromatography of Adenovirus 

The discovery of hydrophobic interaction chromatography (HIC) resulted from an 
attempt to make affinity columns.** This fortunate accident uncovered a unique mode 
of protein chromatography. On the surface HIC resembles reversed-phase chroma- 
tography’’°+° in that the protein binds to the column through hydrophobic inter- 
actions in an aqueous solvent. Both resin types consist of a stationary phase with a 
hydrophobic surface. Thereafter the two techniques diverge.” HIC resins are typi- 
cally constructed from polysaccharide or polymeric material. Reversed-phase resins 
are typically bonded silicas. HIC resins have a lower density of substitution and they 
tend to be less hydrophobic than reversed-phase media. 

Typically, the conformational changes are driven by high salts (such as ammonium 
sulfate). The salt presents an ionic environment that is favorable to hydrophilic sur- 
faces. Hydrophobic surfaces are driven together so that exposure to the environment 
is reduced. In this way, the proteins are partially “salted out” and adsorb to the resin. 
The use of ammonium sulfate is relatively gentle because most proteins are stabilized 
in the presence of high concentrations of ammonium sulfate. High salt, however, may 
destabilize the particle (see Section 4 below), possibly because of its high water con- 
tent or because the capsid proteins are twisted into destabilized conformations. The 
loading material may be adjusted to high salt prior to application to the column. Alter- 
natively, small amounts may be applied to the column repeatedly, washing with equil- 
ibration buffer, or the material could also be diluted in equilibration buffer inline with 
the load. The advantage of the two later methods is that protein precipitation occurs 
slowly from the time of salt addition. Limiting the time of exposure to high salt may 
improve the chromatography and mitigate yield loss. Elution is achieved by reducing 
the salt concentration with a reverse gradient. 

With the exception of the direction of the gradient, HIC columns are optimized and 
operated along the same lines as ion exchange columns. Residence time on the column 
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should be minimized because of the possibility of denaturation.” Yields of virus from 
this type of chromatography typically range between 20% and 60%. 


2.4.2.5 Size Exclusion Chromatography of Adenovirus 

Size exclusion, also called gel filtration or gel permeation, is the only mode of chro- 
matography that is not intended to involve binding of proteins to the resin.*!*? The 
pore structure of the resin provides a molecular sieve, where smaller molecules can 
access the entire volume of the pores and large molecules are excluded from the pores. 
If a mixture of proteins differing in size is applied to a size exclusion column, the 
largest proteins will emerge first and smallest last. Molecules above a certain size do 
not penetrate the pores at all. Normally, these are the first to elute from the column; 
the volume at which they elute is termed the “excluded volume.” Adenovirus particles 
may not elute in the excluded volume of the column. Instead, the particles may elute as 
much as a column volume beyond the excluded volume. Late elution from size exclu- 
sion chromatography often results from charge interactions between the sample and 
the column. This effect may be reversed by raising the salt concentration. Similarly, 
molecules below a certain size all elute at the “included volume.” 

All other species elute between the excluded volume and the included volume. 
This property limits the resolving power of size exclusion chromatography because 
the number of peaks that can fit into the volume allowed is small. A further limitation 
of size exclusion chromatography is that resolution deteriorates if sample volume 
exceeds 4-5% of the bed volume of the column. Another limitation is that resolution 
deteriorates with increasing sample viscosity. The maximum protein concentra- 
tion allowing good resolution is usually in the range of 5-10 mg/ml protein. Taken 
together, these two factors mean that a size exclusion column has 1-5% as much 
protein capacity as an ion exchange column of the same size! Hence, size exclu- 
sion has limited utility for purifying adenoviral particles or proteins and is usually 
reserved as a last step. 

Sample load volume, maximum protein concentration, and flow rate should be 
determined by experiment. A careful column packing technique is critical for good 
results. Plate number should be measured for a new column and at regular intervals 
during use. Despite these limitations, size exclusion chromatography has an important 
place in the arsenal. It is gentle and rapid so yields are nearly quantitative. Addi- 
tionally, it provides an opportunity to exchange the buffer to the desired formulation 
because size exclusion chromatography is compatible with a wide range of aqueous 
buffers. 


2.5 Buffer Exchange 


Every process confronts the problems of removing low MW species and/or concen- 
trating the desired fractions. Dialysis? or gel filtration (Section 2.4 above) may be 
used to remove small molecules or exchange buffers when the sample volume is in 
the range of 11 or less. Several types of ultrafiltration devices are available for concen- 
tration of proteins on a laboratory scale, including pressurized stirred cells and filters 
driven by centrifugal force or other means. 
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Concentration of protein solutions at a process scale is usually done by ultrafil- 
tration using a tangential flow filter.'°.?’+° Buffer exchange and removal of low MW 
species are usually done by diafiltration; both concentration and diafiltration may be 
done on the same device and combined as a unit operation. Diafiltration is more effi- 
cient than dialysis in that less buffer and less time is needed to achieve a given level 
of solute removal. The concentration of solute remaining in the retentate (Cp) after V 
volumes of continuous diafiltration that began with the solute concentration (Co) is 
given by“ 


Cr=Cye~ "0-9, 


where o represents the rejection of the solute by the membrane. For solutes freely 
permeable to the membrane, o=0. Under these conditions, diafiltration with 3 vol of 
buffer reduces the concentration of solute by 95%. In contrast, 20 vol of buffer would 
be required for the same result by standard dialysis. In either case, buffer exchange 
of viral particles can be achieved. Care must be taken to avoid foaming or excessive 
shear. Special attention should be devoted to pH control. The process should be mon- 
itored to avoid overconcentration and possible loss of product through precipitation. 


3. Analytical Methods for Process Development 
and Process Tracking 


Analytical methods are as important for purification as the process steps themselves. 
Analytical methods are essential for following the process and assessing the purity 
of adenovirus particles throughout the process. The methods must be rapid, reliable, 
and informative about the quantity and quality of adenovirus particles. They should 
be sensitive enough to detect subtle changes. As with the process techniques, charac- 
teristics of the virus are useful for selecting analytical techniques. In this section we 
have highlighted several assays not only because of their usefulness for a process, but 
because an understanding of what these assays mean is critical in producing vector 
with the quality required for use in humans. 


3.1 Plaque-Forming Titer Assays 


Plaque-forming assays have been in use as biological assays since early in the twenti- 
eth century. A common method for many viruses, this type of assay has been employed 
with adenovirus since they were discovered. The plaque assay is performed using 
many variations but generally consists of diluting the virus preparation to a point that 
a thin layer placed over sensitive cells will result in a countable number of infection 
events. This is usually accomplished in a petri dish or in six-well plates. Once cells 
have been exposed, the viral solution is removed and a layer of warm agar applied on 
top of the cells. After 1-2 weeks of incubation, the cells are stained with a dye, such 
as neutral red, and plaques of lysed cells become visible. It is assumed that because 
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of the extreme dilution, each plaque is the result of a single viral particle infecting a 
cell. The plaque arises following the replication of that viral particle and subsequent 
infection of adjacent cells by virus progeny. The number of plaques in a well divided 
by the inoculum volume and corrected for dilution yields a titer. This method is sim- 
ple but relatively insensitive. If the cells are robust, the inoculum layer may be very 
thin and the exposure reasonably long. The slow diffusion rate of the particle and the 
formation of a meniscus in the well limit the method to sampling about 10% of the 
virions in a sample. 


3.2 Adenovirus 96 Well Titer Plate Assay 


A convenient method for estimating adenoviral titers uses cells (of an appropriate cell 
line) in the wells of a 96-well plate. The cells are plated such that they reach 50% con- 
fluence after 1 day of growth. The sample is then diluted so that the final particle con- 
centration falls between 5 and 10 particles/ml. Several different dilutions are prepared. 
It is best to perform an initial dilution in the original sample tube using the whole 
sample because the freeze-thaw process concentrates the virus into bands that will 
not disperse without substantial mixing. The largest error in dilution usually occurs 
with this first dilution. The initial dilution should be limited so that the concentration 
after the initial dilution can be verified using a particle assay. Thereafter, dilution of 
the sample is not problematic. To infect the cells the entire medium is first removed 
from the seeded wells. Each different dilution of virus is pipetted into at least 10 wells 
per dilution. When using a diffusion-adjusted calculation (see Section 3.2.2. below) 
the wells should be filled to the top. It is common in practice, however, to inoculate 
1 to 200 um of medium with 10 to 50um of virus solution. For diffusion-corrected 
calculation the infection time is limited to an hour or less (15 min is convenient) and 
then the virus solution is replaced with medium. For methods using Spearman—Karber 
titer calculations, such as the Lynn Titerpint analysis,“ analysts typically leave the 
virus solution on the plate for the duration of the assay. Incubation of cells takes place 
at 37°C, 7-10% COs, and 90-100% humidity for varying times depending on the 
method of detection. One method is to fix the cells after 3 to 5 days with methanol and 
acetone followed by staining with a FITC-conjugated anti-adenovirus antibody. This 
method of detection requires microscopic examination of each well under ultraviolet 
light. A well is counted if one or more fluorescent cells are positive. If a cytopathic 
effect is used for detection, 1 to 2 weeks of incubation will be required. The dilutions 
that produce fewer than 100% positive wells are used in the titer calculations. 


3.2.1 Spearman-Karber Analysis 


Spearman—Karber analysis based on Finney“? essentially converts data such that 
graphing the data as log dilution verses positive wells approaches a straight line. 
Spearman—Karber performs an interpolation to a midpoint. Thus, Spearman—Karber 
gives a log dilution where 50% of the wells would have been positive. Titer is expressed 
as a negative log of the dilution. The Lynn program transforms the number by taking 
the reciprocal of the dilution (10 raised to the power of the Spearman—Karber number) 
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and divides by the inoculum amount ostensibly to obtain the inoculum concentration. 
However, this value is expressed as EDs59 (or TCIDs,) per milliliter and is often substi- 
tuted for a virus concentration. This assumes that everything that was put into the well 
is measured by the assay and the fact that positive wells follow a Poisson distribution 
is ignored. A more appropriate analysis accepts the Poisson distribution in that even if 
the average number of virions per well is one, not every well would get a virion; but 
the Poisson distribution is applicable for this kind of assay. The Poisson distribution 
is given by 





sen" 
p= > 
r! 


where p=probability or fraction of positive wells, S=the event density or average 
virion per well, and r=the number of virions in a particular well. For the number of 
wells that get zero particles, r=0, s'=1, and r!=1 so that the fraction of positive wells 
is given by l—e~’. The Spearman—Karber analysis gives us a convenient way to take all 
the data into account, calculate a standard error, and then apply the Poisson distribution 
to obtain a concentration. Since the value obtained gives the dilution where the fraction 
of positive wells is 0.5, p=0.5. Solving for S yields S=0.69 virion per well. This is 
always the case when 50% of the wells are positive. If, for example the inoculum were 
50 um, then the concentration of the inoculum would be 13.8 particles per milliliter. 
Using the dilution obtained by the Spearman—Karber number the original concentra- 
tion can be calculated. As in the plaque assay, the key assumption is that no virion in a 
well escapes detection. In the time frame of these assays, this is clearly not possible. 
A more precise analysis must take into account Brownian motion (diffusion). 


3.2.2 Diffusion-Normalized Calculation 


In the older animal virus literature the methodology used for measuring infectious 
titer was simple: a thin layer of a viral preparation was placed over the target cells 
for as long as practical. It was intuitively understood that the infection process was 
diffusion limited. This methodology would help minimize underrepresenting the titer. 
Done properly, these assays may underestimate by 10- to 100-fold, but the values 
obtained in a given experiment were useful in a relative sense. However, many of the 
cells used for replication-deficient adenoviruses cannot be maintained with very low 
media levels. Unfortunately, the adenoviral particle, or any particle of similar size, 
diffuses very slowly in solution. Adding more media mitigated the sensitivity of the 
cells, but resulted in substantially greater underestimations of titer. This is because the 
probability of infecting a given cell is dependent on the concentration of the virus and 
the time of exposure. 

The discrepancy between the adenoviral titers and the more precise particle assays 
(see below) has furthered the concept of particle to infectious unit ratio, or PIU. In 
the case of adenoviral vectors, this concept is based on the supposition that, in a pop- 
ulation of intact and otherwise complete particles, most are not infective. However, 
a search of the literature does not support this supposition. To the contrary, work 
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by Nyberg—Hoffman et al.? used a model derived from Fick’s laws of diffusion to 
demonstrate that most, if not all, adenovirus particles are indeed infective. That work, 
and others,°° showed the importance of diffusion mechanics for virus binding and 
demonstrated the dependence of titer determination on often ignored experimental 
conditions. 

The defective particle misconception neglects the important factor that most of the 
added particles in a well never contact the target cell during the critical period of the 
assay. Changes in assay conditions such as particle concentration or exposure time 
can have a dramatic effect on the results. A significant outcome of the misconception 
has been the requirement by regulatory agencies to demand that there be at least one 
infective particle per 100 total particles (FDA Guidelines). Substantial resources have 
been spent in attempts to purify away the “defective particles.” Unfortunately, in many 
cases these particles are merely experimental artifacts and thus cannot be removed 
by purification. Other ramifications of this misconception have been discussed in the 
literature! 

Diffusion can be accounted for by the use of diffusion-normalized analysis.? This 
analysis takes into account the diffusion of the particle under the conditions of the 
assay by deriving normalization equations from Fick’s laws of diffusion. For a titer 
plate assay the equation is given by 


in (1-2) 
n 


V=- ——— x Dilution Factor, 
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where p,, is the number of positive wells per dilution, n is the total number of wells 
per dilution, A,, is the area of the bottom of the well in square centimeters, C,, is the 
confluence of the well at the time of infection, / is a constant incorporating the diffu- 
sion coefficient and is equal to 2.38 x10~+cm/particles - s", and t is the exposure time 
in seconds. From the equation, one can see that p,, must be less than n and greater than 
zero. Optimally, the number of positive wells should be between 20% and 80% of the 
total wells in a dilution. This method yields titers that are up to 50% of the particle 
concentration. 


3.3 Flow Cytometry 


Fluorescence activated cell sorting (FACS) offers another sensitive method for assess- 
ing infective titer.°* Sufficient quantities of permissive cells for analysis can be grown 
and infected in six-well plates. Infected cells are harvested, fixed, and stained with a 
FITC-conjugated anti-adenovirus antibody. Infected cells are brightly stained whereas 
uninfected cells are not. FACS analysis determines the fraction of cells infected at 
the time of harvest. The fraction of infected cells at the time of infection is diluted at 
the time of harvest because uninfected cells continue to divide. By performing cell 
counts at infection and at harvest times, one can then calculate the proportion of cells 
infected at infection time by using the fact that the number of infected cells does not 
increase during the incubation period. Multiplying the proportion of infected cells by 
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the number of cells at infection time yields the number of cells originally infected. 
Because the total number of cells at infection time is also known, the proportion of 
infected cells at infection time is also known. This value can be used to calculate a titer. 

Cells are infected with a virus concentration high enough to obtain 5-10% of cells 
to stain positive. Exposure time ranges from 30s to 60min. Incubation is up to 50h 
to avoid secondary infections. The titer is given by the diffusion-adjusted equation, 


__inQl-F) 
7 Ip t f 


where the average cell area (two-dimensional footprint), symbolized by g, is a variable 
that must be determined for each cell line. Subclones of HEK 293 cells, for example, 
can display morphology differences from the parent stock. Cell area can be determined 
using image analysis to analyze micrographs of cells. HEK 293 cells obtained from 
ATCC and at low passage number possess a cell area of approximately 6.3 x 10-°cm2. 
Other subclones of 293cells can have larger or smaller areas. I is 2.38 x 10-4 cm/ 
particles-s!/? of as above. F is the final adjusted fraction of positive cells detected. For 
Ad-5 this method yields titers that are 50-80% of the particle concentration. This is 
probably the best value that can be obtained considering efficiency factors, such as the 
fiber length for the particular serotype, the degree of cooperativity for multiple copies 
of early immediate genes, the activation level of E2F transcription factor, and that no 
step in the infection process is 100% efficient. 


3.4 Particle Concentration Determination 
by Ultraviolet Absorbance 


The most common method for measuring particle concentration is to disrupt the par- 
ticles using sodium dodecyl sulfate (SDS) followed by absorbance measurement at 
260nm. Maizel>? determined that the absorptivity of adenovirus was 1.1 x 10!? parti- 
cles/ml/absorbance unit at 260nm. This method is convenient and rapid but not with- 
out limitations. The sample must be pure and free of particulates and aggregates in 
order to obtain an accurate reading. The buffer formulation of the sample can affect 
the reading as salt concentration partially determines the concentration at which SDS 
may form micelles. This method cannot distinguish disrupted particles from intact 
particles. Contaminating DNA may increase the absorbance and lead to an overesti- 
mation of particle concentration. Absorbance readings at several wavelengths provide 
a check on the validity of the assay. Absorbance in the longer ultraviolet and visi- 
ble regions indicates light scattering. The ratio of 260nm (DNA) to 280nm (protein) 
should fall between 1.2 and 1.3. A ratio outside this range indicates contamination. 


3.5 Analytical Reverse-Phase High-Performance 
Liquid Chromatography 


RPHPLC first achieved prominence as an analytical technique because of its 
wide applicability and ability to resolve a large number of components in a single 
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chromatographic run.°* This excellent technique also works well as a preparative 
method for some proteins, mainly those of lower molecular weights (<30,000).7>> 
RPHPLC is the dominant method for the purification of peptides and protein of 
MW <10,000.°° For example, human insulin is produced at a level of tons per year 
using RPHPLC. Application to larger proteins is limited by the denaturing tendency of 
organic solvents. For this reason RPHPLC is considered a denaturing technique. The 
binding of proteins to reversed-phase columns results from a hydrophobic interaction 
between the exposed regions of the protein and the hydrophobic surface of the station- 
ary phase (the resin). Denaturation by the mobile phase exposes hydrophobic regions 
buried within the protein. Elution is achieved by applying a gradient of increasing 
concentration of organic solvent, usually acetonitrile. Proteins tend to elute as broad, 
asymmetrical peaks unless an ion pairing agent, such as trifluoroacetic acid (TFA) 
is included. TFA is thought to bind to the positive charges on the protein, masking 
negative charges on the resin matrix and providing additional hydrophobic surface to 
interact with the column.** 

RPHPLC is a powerful analytical tool to use for adenoviral samples because it 
resolves the proteins contained in the virus particle. This method, described in Lehm- 
berg et al.,>! has provided detailed insights into the nature of adenovirus preparations. 
The method consists of injecting the sample onto a C4 reversed-phase column that 
has been equilibrated in 20% acetonitrile at a constant TFA concentration of 0.1%. 
The column temperature, a critical parameter for RPHPLC, is kept at 40°C. These 
conditions dissociate the particle into proteins that in turn bind to the column. The 
column is then eluted with an acetonitrile gradient beginning at 20% and ending at 
60%. The TFA concentration is maintained at 0.1%. The absorbance is monitored 
at 214nm and can be monitored at 260 and 280nm. The resultant chromatogram 
gives a characteristic fingerprint of the adenovirus proteins. Mass spectrometry and 
N-terminal sequencing have identified 14 major peaks. These proteins can be recovered 
quantitatively, enabling this assay to be used as a quantitative method for determining 
particle concentration. The relative peak areas of the proteins can be compared to a 
known standard to assess particle quality. 


3.6 Analytical Anion Exchange High-Performance 
Liquid Chromatography 


The anionic nature of the adenoviral particle lends itself to analysis by anion exchange 
HPLC.*°*? This method is nondestructive and yields a wealth of information. Before 
this method, monitoring the production and purification of adenovirus particles was 
limited to infectious titer assays. For the purposes of process development and mon- 
itoring, infectious titer assays were too slow, resulting in low throughput. They were 
not sensitive enough to distinguish small differences among samples. Protein analysis 
methods, such as sodium dodecyl sulfate—polyacrylamide gel electrophoresis, could 
not quantitate virus in crude samples because most of the viral protein is not incorpo- 
rated into whole virus.'! Absorbance techniques to assess viral particles based on the UV 
absorption of DNA were not applicable to crude samples. This is because free viral and 
host cell DNA are present in the sample. These limitations are overcome by AEHPLC. 
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A l-ml Resource Q anion exchange column (GE Healthcare Life Sciences) is conve- 
nient for HPLC analysis of samples. Lysates are prepared by treatment with nuclease. 
Semipure or pure virus can be injected directly because they do not require nucle- 
ase treatment. As long as the column is not reequilibrated during injection, the assay 
is independent of the injection volume. After sample loading, the column is washed 
with equilibration buffer (HEPES or Tris, at approximately pH 7.5) followed by linear 
salt gradient elution. The chromatography can be monitored on a standard ultraviolet 
detector. Significantly more information can be gleaned by the use of a photodiode 
array detector scanning from 210 to 300 nm. The retention time of the adenovirus peak 
varies with the serotype of the virus. 

The AEHPLC chromatogram reveals information about purity, particle integrity, and 
particle quantity. Figure 7 shows the chromatograms of purified adenovirus type 5 and 
infected cell lysate. Other serotypes give slightly different peak elution times. Provided 
that the HPLC system remains below the pressure limits of the resin, the chromatography 
can be performed in fewer than 6 min. Monitoring the process by anion exchange HPLC 
enables the production staff to rapidly obtain a picture of the progress of the purification. 
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Figure 7 The most useful method for analyzing both crude and pure samples of adenovirus is 
anion exchange HPLC. Pure adenovirus elutes in a nearly symmetrical peak. The adenoviral 


peak from lysate elutes with baseline separation from contaminants such as hexon and undigested 
DNA. The method is detailed in Shabram et al.30 
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4. Formulation and Stability 


Process development must determine product stability over a wide range of condi- 
tions. The time course of the purification must be scrutinized for excessive run times 
and delays because rapid processing favors high yields. A well-designed process 
includes holding points selected such that the viral preparation can be safely stored in 
the event of a planned or unplanned delay. Stability studies are critical for identifying 
those steps at which the virus is at risk. Additionally the lessons gleaned from these 
studies point to a stabilizing formulation needed for clinical trials and beyond. 
Aggregation of adenovirus particles is well known to those in the field. The ade- 
novirus demonstrates low stability at 4°C. This phenomenon has yet to be explained, 
although there are examples of cold-sensitive enzymes in the literature.>’>* The insta- 
bility seems to be related to the tendency of adenovirus particles to aggregate. Aggre- 
gation requires that particles bind to each other after a collision. As the collisions 
proceed the aggregating particle grows. A systematic analysis of aggregation was 
published in1917 by Smoluchowski.>? Using Smoluchowski’s coagulation model the 
aggregation frequency of adenoviral particle can be roughly estimated at one per ever 
50 collisions! This may seem surprisingly frequent until one realizes that collisions 
between particles are relatively rare due to the slow diffusivity of the particle. It also 
explains the observation that aggregation is dependent on particle concentration. 
Aggregation may also be the end result of damage that occurs early in the produc- 
tion process but does not manifest itself until the sample is concentrated. Aggregation 
can be mitigated by changing the conditions of the formulation such that aggregation 
events are not favored. Collision frequency can be reduced by increasing the viscosity 
of the solution. Figure 8 shows the effect of concentration on the stability of virus 
in phosphate-buffered saline with 2% sucrose at 4°C. Aggregation was measured as 
disappearance on AEHPLC. Aggregation accelerated at concentrations greater than 
5x10!!. This is likely due to the ability of glycerol to cause preferential hydration of 
protein surfaces,-°! leading to a tighter association of the capsid subunit structure. 
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Figure 8 Adenovirus stability is affected by concentration. Recombinant adenovirus serotype 
5 was diluted to 4x 10!! (#); 5x 10!! (A); 6x 10!! (m); or 8x 10!! (e); at 4°C. On the indicated 
days aliquots were assayed for virus concentration with the anion exchange HPLC assay. The 
buffer was 20mM sodium phosphate, pH 8, 100mM NaCl, 2mM MgCl, and 2% sucrose. 
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Figure 9 Glycerol stabilizes the adenovirus in solution. Recombinant adenovirus at 10 par- 
ticles/ml was stored at 4°C in aliquots: undiluted (m); diluted 20% with water (A); or diluted 
with 50% glycerol to a final concentration of 10% (v/v) glycerol (4). On the indicated days 
aliquots were assayed for virus concentration with the anion exchange HPLC assay. The buffer 
was 20mM sodium phosphate, pH 8, 100mM NaCl, 2mM MgCh, and 2% sucrose. 


Additionally, an increase in viscosity reduces the number of collisions between particles. 
The addition of glycerol increased the virus stability (Figure 9). 

Salt concentration plays a significant role in the stability of the particle in that 
stability is reduced in salt solutions above 300mM. Stability at these salt levels was 
increased in the presence of glycerol. The putative damage may be due to an anion- 
specific effect and probably follows the Hoffmeister series. Studies with potassium 
chloride, sodium chloride, and cesium chloride showed that whereas chloride concen- 
trations above 1.5 M were not destabilizing, concentrations between approximately 0.4 
and 1.0M could be harmful regardless of the cation. In contrast high concentrations 
of sodium sulfate, sodium phosphate, or potassium phosphate were not destabilizing. 

A major consideration is the exposure to pH outside the physiological range. As noted 
earlier, phosphate buffer at pH 7.2 lacks buffering capacity during freeze thaw. Hence, the 
rate of freezing and thawing is critical. In general, fast freezing and fast thawing improve 
the stability of the material. Buffers such as HEPES or Tris maintain buffering capacity 
during freeze thaw and therefore are preferable for stabilizing pH. One might suspect 
that the lower stability at 4°C may be related to pH stability and therefore the buffering 
capacity of the formulation. Whereas phosphate may be problematic for freeze thaw it is 
interesting that substituting Tris for phosphate does not affect the stability at 4°C. 

Freezing and thawing were noted earlier as a potential risk for the viral preparation. 
Cryoprotection agents are often used to mitigate the risk by disturbing ice crystal for- 
mation and providing for an amorphous frozen solid. Typically carbohydrates are used 
to accomplish this. Sucrose and mannitol are often found in formulations where the 
freezing process is critical. Typically, mannitol provides slightly better protection with 
proteins than sucrose and is preferred for its superior cake formation in a lyophilized 
product. With adenovirus, however, the opposite is true. Sucrose provides moderate 
protection but mannitol has a clear negative effect. 
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5. Conclusions 


The use of adenovirus vectors for gene therapy has placed increased demands on the 
technology for production, purification, and characterization of virus particles. Some 
of the classic technology has been reexamined and improved. A new class of methods 
based on column chromatography has added a powerful set of tools to this array. In 
large part, the chromatographic methods are based on modes of chromatography and 
resins originally developed for protein purification. With proper consideration for the 
size and other characteristics of adenovirus particles column chromatography may 
be applied with considerable success. Column chromatography is now a preferred 
method for adenovirus purification because of its versatility and ability to purify large 
amounts of virus to a high state of purity while retaining biological activity. 
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1. Introduction 


Human adenovirus! (Ad) has been used extensively to derive replication-incompetent 
gene delivery vectors to correct genetic disorders and develop candidate vaccines for 
a variety of infectious diseases and cancer immunotherapy, and as conditionally rep- 
licative Ad (CRAd) agents for cancer virotherapy. Adenovirus vectors have been used 
in 22% of all gene therapy clinical trials, followed by retroviral vectors (19%) and 
naked/plasmid deoxyribonucleic acid (DNA) (18%).”> A major factor limiting the 
effectiveness of current-generation Ad vectors is their inability to accomplish specific 
gene delivery to cells of interest. Indeed, a National Institutes of Health report identi- 
fied the “need for vector targeting” as a central objective for the field of gene therapy.* 
Extensive studies of interactions between Ad capsid proteins and host cells in vitro 
revealed that efficient Ad infection requires the presence of sufficient levels of recep- 
tors responsible for virus attachment to the cellular membrane and internalization. 
Adenovirus attachment to the cell is mediated by fiber binding with its C-terminal 
knob domain to a primary cellular receptor. Subsequent interaction of a,3/;-integrins, 
the secondary cellular receptor, with an Arg-Gly-Asp (RGD) sequence within a pro- 
tein loop extended from the penton base is required to trigger endocytosis resulting 
in virus internalization. Most Ad of species B have been shown to use human mem- 
brane cofactor CD46 as the predominant attachment receptor? whereas the coxsackie- 
virus group B and Ad receptor (CAR)° has been identified as the primary high-affinity 
receptor for many representatives of species A, C, D, E, and F.’~° Therefore, levels 
of CD46 and CAR expression determine the infection efficacy of Ad serotype 35 of 
species B and Ad serotype 2 (Ad2) or 5 (Ad5) (both of species C), respectively, which 
are mostly used for vector construction purposes. Thus, an unfavorable expression 
pattern of primary Ad receptor in a clinical context would result in an insufficient 
level of infection of target cells while leading to ectopic virus sequestration by non- 
target tissues. The delineation of key steps of the Ad cellular entry pathway in vitro, 
in which cell attachment is distinct from subsequent virus internalization, suggested 
that Ad recognition of cognate primary receptor represents a rate-limiting step, which 
could be intervened in an effort to redirect virus-cell binding via an alternative cellular 
receptor to confer susceptibility to Ad vector infection. Transductional targeting strat- 
egies seek to redirect Ad binding to appropriate nonnative receptors to increase the 
efficiency of gene transfer to the cell type selected to achieve therapeutic intervention. 
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2. Adapter-Mediated Ad Vector Targeting Approach 


Efforts to redirect Ad vectors via receptors overexpressed on the cells that are refrac- 
tory to Ad infection mainly focus on incorporating targeting ligands by means 
of chemical conjugation or genetic modification of viral capsid proteins and using 
bispecific adapter molecules to mediate virus recognition of target cells. The use of 
bispecific protein adapters was originally proposed to bridge viral particle and cell 
surface molecule to overcome inefficient virus infectivity owing to the scarcity of Ad 
attachment receptor’ or its localization on inaccessible parts of the cell.!°-!7 This 
goal was originally addressed by the development of bispecific antibody (bsAb) conju- 
gates, which are able to bind both the viral capsid protein and the cell surface receptor, 
allowing indirect linkage between viral particles and cellular receptor (Figure 1). 


2.1 Use of Ab Conjugates for Ad Targeting 


To construct bsAb adapters, Wickham et al. used monoclonal antibody (mAb) against 
an FLAG peptide, which was genetically incorporated in place of the deleted RGD 
sequence in penton base protein, chemically conjugated to mAb with specificities for 
a,-integrin receptors or human CD3 to redirect the AdFLAG vector to endothelial 
and smooth muscle cells or T cells, respectively.!*:!9 Although successfully demon- 
strating the feasibility of in vitro virus retargeting via non—Ad receptors displayed 
on human venule endothelial cells, intestinal smooth muscle cells, and resting T cells 
that are normally refractory, this approach was later abandoned, apparently because 
of reduced virus viability resulting from RGD sequence deletion.?° An alternative 
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Figure 1 Strategies of Ad vector targeting using bispecific adapters. Adenovirus retar- 
geting from various cell types can be achieved using bispecific adapter proteins. Bispecific 
adapters consist of Ad fiber knob-binding moiety fused to alternative receptor-binding ligand 
including Fab antibodies, scFv Ab, and biological ligands. Targeting adapters allow efficient 
CAR-independent transduction of cells of interest. 
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approach to provide adapter binding to Ad capsid was proposed by Douglas et al.,! 
based on the use of neutralizing mAb 1D6.14, which blocks binding of the Ad5 fiber 
knob to CAR. The feasibility of Ad retargeting via a nonviral receptor was demon- 
strated by conjugating the Fab’ fragments of mAb 1D6.14 to folate to allow virus 
linkage to the folate receptor, which is overexpressed on the surface of a variety of 
malignant cells. This Fab—folate conjugate was complexed with Ad5 vector carrying 
the luciferase reporter gene and was shown to redirect virus infection of target cells via 
the folate receptor at a high efficiency. When complexed with Ad5 carrying the gene 
for herpes simplex virus thymidine kinase, the Fab—folate conjugate mediated the spe- 
cific killing of cells that overexpress the folate receptor. This work demonstrated the 
feasibility of employing an adapter approach both to ablate endogenous viral tropism 
and to introduce novel tropism in vitro. 

Use of the Ab-based Ad5 vector targeting approach was further explored to cir- 
cumvent the lack of CAR expression and improve gene transfer specifically to tumor 
cells by generating a bispecific Ab conjugate consisting of anti-knob Fab’ fragments 
conjugated to mAb 425,” which was derived against the epidermal growth factor 
receptor (EGFR), a tumor-associated marker negligibly expressed in normal mitoti- 
cally quiescent tissues.” Targeting of Ad5 vector via EGFR using this Ab conjugate 
led to enhanced gene transfer relative to untargeted Ad in 7 of 12 human glioma cell 
lines and 6 of 8 primary glioma samples derived from tumors of various histologies.”* 
Furthermore, EGFR retargeting showed marked transduction enhancement in both 
squamous cell carcinoma of the head and neck cell lines and primary tumor tissue 
compared with normal tissue from the same patient.*> These studies illustrated that 
Ad targeting via EGFR overcomes cell deficiency in CAR expression to achieve an 
increase in gene transfer efficiency in tumor cell types, and therefore suggests that a 
bispecific adapter approach could augment Ad vector potency for cancer gene therapy 
applications. 

Based on these essential findings, an adapter approach was employed to promote 
Ad-mediated gene transfer in dendritic cells (DC) to assess its targeting utility in the 
context of important therapeutic applications proposed for genetically modified DCs. 
To this end, Tillman et al.*° tested Fab’ fragment (1D6.14) chemically conjugated to 
mAb G28-5 agonistically binding DC’s receptor CD40.” The CD40 receptor is attrac- 
tive for DC targeting because it has an important role in inducing DC maturation and 
priming cytotoxic T cells.” Ad5 vector retargeting via the CD40 pathway using this 
bispecific construct dramatically enhanced gene transfer to monocyte-derived DCs 
(MoDCs) established from peripheral blood of normal human volunteer donors and 
induced both their phenotypic and functional maturation as demonstrated by increased 
T cell stimulation in an allogeneic mixed leukocyte reaction and by enhanced inter- 
leukin (IL)-12p70 release.” To explore the potential of an adapter-mediated tar- 
geting approach to enhance the efficacy of DC-based vaccinations in vivo, Tillman 
et al.2? employed a similar Fab’ conjugated with mAb FGK45*° against mouse CD40 
(mCD40) along with Ad vector encoding a tumor antigen. To this end, AdE7 vector 
expressing the human papillomavirus type-16 (HPV-16) E7 oncogene, which rep- 
resents an attractive target for antigen-specific immunity of cervical cancer, was cou- 
pled with Fab-anti-murine CD40 and then was used to load bone marrow-derived DCs 
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(BMDCs) ex vivo. It was shown that subcutaneous injection of BMDCs infected with 
CD40-targeted AdE7 provided superior protection against HPV-16—induced tumor 
challenge and improved prophylaxis against outgrowth of established tumors relative 
to BMDCs infected by untargeted Ad. This study illustrated that Ad-modified DCs 
may be used in repeated vaccination to establish antigen-specific and CD8* T cell- 
dependent protection. These findings suggested that Ad-based DC loading with tumor 
antigens can elicit productive antitumor immunity and that the enhancement of gene 
transfer and DC maturation mediated by CD40-targeted Ad complex may facilitate 
this process. 

To further demonstrate the clinical utility of adapter-mediated DC targeting, de 
Gruijl et al.?! evaluated CD40-targeted Ad vectors performance in the context of 
three-dimensional human tissue under physiological and clinically highly relevant 
conditions. To this end, a human skin explant model was used to test transduction 
efficiency of cutaneous DC after intradermal injection of Ad5 vector preincubated 
with antiknob Fab’-G28-5 conjugate.*° Significantly enhanced transduction efficiency 
and selectivity and an increased activation state of migrating DC were achieved while 
extending antigen-specific cytotoxic T lymphocyte (CTL)-stimulatory ability for up 
to 1 week after the start of migration, in contrast to DC transduced by untargeted Ad. 
Because DC targeting in vivo might obviate the need for the in vitro culture of autol- 
ogous DC for adoptive transfer, CD40-targeted Ad vectors constitute a promising new 
vaccine modality for tumor immunotherapy. 

To determine whether an adapter-mediated Ad-targeting approach could maintain 
fidelity upon systemic vascular administration, Reynolds et al.*? used a bispecific Ab 
conjugate to target Ad infection specifically to angiotensin-converting enzyme (ACE), 
which is preferentially expressed on pulmonary capillary. Administration of ACE-targeted 
vector complexes via tail vein injection into rats resulted in at least a 20-fold increase in 
both Ad genome localization and luciferase transgene expression in the lungs whereas 
luciferase activity in the liver was reduced by over 80% compared with the untargeted 
vector. This study showed that an adapter-mediated Ad targeting can indeed alter the 
biodistribution profile of an Ad vector given systemically, thus providing encourag- 
ing implications for the further development of targetable, injectable Ad vectors that 
may enable gene therapy for pulmonary vascular disease. The use of ACE-target- 
ing adapter combined with endothelial-specific transgene expression driven by fit-1 
promoter resulted in a synergistic 300,000-fold improvement in the selectivity of lucif- 
erase expression for lung versus the usual site of vector sequestration, the liver.*? 

The use of adapter-mediated Ad retargeting toward tumor cells was demonstrated 
using mAb against the epithelial cell adhesion molecule (EpCAM)** conjugated with 
antifiber knob Fab’ fragments.*> The EpCAM-targeted Ad vectors complexed with 
this bispecific Ab conjugate showed an improved transduction of primary tumor cells 
and cell lines established from gastric and esophageal adenocarcinoma compared with 
normal gastric epithelium.*° Using a similar approach, chemical conjugation of the 
antiknob Fab’ was achieved with basic fibroblast growth factor (FGF2)*’ in an effort to 
develop a new treatment approach for Kaposi sarcoma.** Of note, use of FGF2-targeted 
Ad complexes achieved direct therapeutic goals in a murine orthotopic model of human 
ovarian carcinoma relevant to a current human clinical cancer gene therapy scheme.*?:*° 
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3. Recombinant Ad Targeting Adapters 


Further refinement of adapter approach was accomplished by engineering recombi- 
nant proteins consisting of a neutralizing single-chain fragment variable (scFv) 
Ab S11 against Ad fiber knob fused with human EGF*! or scFv 425 against 
EGFR“ to improve Ad5 infection efficiency in cancer cells. Recombinant adapter 
molecules such as these have advantages for Ad retargeting, because use of the 
chemical conjugation of Ab molecules increases the difficulties of producing Ad 
retargeting complexes, which makes this approach relatively complex and expen- 
sive to develop. To further improve vector targeting specificity, the use of native 
tropism-ablated Ad, which was previously constructed to contain both CAR- 
and qy-integrin-binding mutated residues,*>*+* was tested using bispecific scFv 
adapters targeted toward human EGFR or EpCAM.*° An elegant study by van 
Beusechem et al. demonstrated that these native tropism-ablated Ad vectors com- 
plexed with bispecific scFv efficiently and selectively targeted both alternative 
receptors on the surface of human cancer cell lines and primary human tumor 
specimens. Moreover, EGFR-targeted doubly ablated vectors were selective for 
human brain tumors versus the surrounding normal brain tissue, resulting in a 5- to 
38-fold improved tumor-to-normal brain targeting index compared with nonablated 
control vectors.*> Application of EpCAM-targeted double-ablated Ad vector for 
gastric cancer gene therapy showed a favorable ration of tumor over normal tissue 
transduction.*© Of note, the transduction efficiency mediated by Ep>CAM-targeted 
native tropism-ablated Ad complexes reached levels similar to or exceeding those 
achieved with native Ad control for EpCAM-expressing primary human gastric 
tumors, whereas transduction of gastric epithelium and liver tissue was reduced 
at least 10-fold. 

To achieve targeted genetic modification of hepatic stellate cells (HSCs), Reetz 
et al.“ designed a peptide of the nerve growth factor (NGFp) with specific affinity for 
the p75 neurotrophin receptor (p75NTR) present on HSCs. Coupling of this NGFp 
to Ad particles was done via chemical conjugation using bifunctional polyethylene 
glycol (PEG) or by coating with a fusion protein composed of scFv S11 and p75NTR. 
Coupling of NGFp to Ad via $11 or PEGylation resulted in markedly reduced liver 
tropism and enhanced gene transfer to HSCs, whereas Ad GFP-S11-NGFp transduced 
activated HSCs better than Ad GFP-PEG-NGFp. This study contributed to the devel- 
opment of gene transfer system targeted to activated HSCs based on systemically 
applied Ad vector modified with NGFp. 

These successful examples of employing bispecific adapters to achieve recep- 
tor-specific Ad gene transfer rationalized further development of the recombinant 
adapter molecule design. In this regard, Dmitriev et al. proposed using the soluble 
extracellular CAR domain (sCAR) fused to human EGF as a targeting ligand 
to engineer a novel class of adapters capable of blocking CAR-dependent Ad 
tropism while promoting infection of CAR-deficient cell types overexpressing 
EGFR including human mammary gland, ovarian, epidermoid, squamous, and 
pancreatic carcinoma cells.*8+° A similar approach was applied to engineer sCAR 
ectodomain fused to the Fc region of the human immunoglobulin G1 protein to 
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target Ad vector via high-affinity Fc, receptor I while achieving up to a 250-fold 
increase in transgene expression in CAR-negative human monocytic cell lines 
expressing the target receptor (CD64).°° Using noninvasive optical imaging to 
monitor firefly luciferase (luc) luciferin-dependent bioluminescent activity, Liang 
et al. showed that systemic vascular administration of Ad5-luc vector coated with 
the newly generated sCAR-EGF protein resulted in significantly reduced ectopic 
luc expression in the liver and markedly facilitated luc expression in tumor xenografts 
displaying elevated EGFR levels compared with sCAR-6His-coated Ad5-luc 
control.°'! This demonstration of both liver untargeting and tumor retargeting 
of Ad vector mediated by bispecific recombinant adapter suggested that sCAR- 
EGF-coated virions could maintain fidelity after systemic delivery, thus providing 
encouraging implications for the development of targetable, injectable Ad vector 
systems that may enable gene therapy for cancer. To assess the use of an adapter 
approach for Ad targeting to colon, lung, and breast epithelial tumors that express 
carcinoembryonic antigen (CEA), Li et al. used noninvasive optical imaging of 
bioluminescent luc activity provided by Ad complexed with a bispecific sCAR- 
MFE protein containing an scFv MFE-23 against CEA.°? The use of sCAR-MFE 
adapter resulted in Ad vector retargeting to CEA-positive epithelial tumor cells in 
cell culture, subcutaneous tumor xenografts, and hepatic tumor grafts while showing 
greater than 90% reduction of Ad-directed luc expression in the liver after systemic 
vector administration. 

Use of recombinant adapter molecules eliminates chemical conjugation and pro- 
vides a high degree of flexibility for ligand substitution, and consequently expands 
the targeting capabilities of Ad vectors. These considerations warranted further devel- 
opment of the adapter-mediated Ad targeting approach to improve its potency in the 
context of systemic applications. One development endeavor was to design bispecific 
recombinant molecules that have higher binding affinity to viral capsid to maintain 
fidelity of virus—adapter complexes subsequent to systemic delivery. In this regard, 
both structural analysis of fiber knob bound to CAR D1 domain>? and identification 
of a conserved CAR-binding site on the fiber protein® suggested an avidity mecha- 
nism when three CAR molecules could simultaneously bind per one fiber knob trimer, 
which was supported by kinetic analysis of Ad2 knob binding to the CAR D1 domain.>* 
Based on these considerations, it was hypothesized that trimeric sCAR-ligand mole- 
cules could achieve high-affinity linkage to fiber knob and promote ligand-mediated 
binding to target receptors. 

To test this hypothesis, Kashentseva et al. engineered the sCARfC6.5 adapter pro- 
tein consisting of sCAR, phage T4 fibritin-derived polypeptide, and C6.5 scFv against 
c-erbB-2 oncoprotein to confer Ad targeting capability on cancer cells expressing the 
c-erbB-2/HER-2/neu oncogene." It was demonstrated that incorporation of fibritin 
polypeptide provided trimerization of sCAR fusion proteins that resulted in increased 
affinity to Ad fiber knob and augmented the ability to block CAR-dependent Ad infec- 
tion, compared with monomeric sCAR protein. As illustrated in cancer cell lines that 
overexpress c-erbB-2, targeted Ad, complexed with sCARfC6.5 adapter protein, pro- 
vided 1.5- to 17-fold enhancement of gene transfer compared with Ad alone and up to 
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130-fold increase compared with untargeted Ad complexed with sCARfibritin control 
protein. In a parallel study, Kim et al. employed an isoleucine GCN4 trimerization 
domain to improve sCAR binding to fiber knob*® while engineering recombinant 
adapters containing a cyclic RGD peptide (CRGD) or the receptor-binding domain of 
apolipoprotein E to achieve efficient gene transfer in human diploid fibroblasts in vitro. 
Whereas the trimerized sCAR devoid of targeting ligand provided efficient blocking 
of ectopic liver gene transfer in normal C57BL/6 mice, addition of either ligand failed 
to retarget the liver in vivo. To apply gene therapy treatment for hepatic colorectal 
cancer (CRC) metastatic tumors, which often express both cyclooxygenase-2 (COX- 
2) and CEA, Li et al. coupled the use of COX-2 promoter for transcriptional control 
with transductional targeting mediated by a trimerized sCARfMFE adapter containing 
anti-CEA scFv." This study demonstrated that the use of both transcriptional control 
and sCARfMFE adapter allowed retargeting of Ad-mediated expression of the her- 
pes simplex virus type 1 thymidine kinase (HSV 1-tk) therapeutic gene from normal 
liver tissue to hepatic CRC tumors after systemic virus injection, which increased the 
therapeutic efficacy of ganciclovir treatment for hepatic CRC tumors while reducing 
its hepatic toxicity. These results indicate that trimerized sCAR-ligand proteins can 
markedly improve Ad targeting potency in vivo owing to its high-affinity binding to 
fiber knob, which efficiently blocks CAR-dependent viral tropism while conferring 
a novel cell-binding specificity mediated by trimeric ligand moiety via an alternative 
tumor-associated receptor. 

The sCAR-derived adapters have also been exploited to confer Ad targeting abilities 
toward dendritic cells (DCs) to orchestrate immune responses in an effort to develop 
vaccines and potent anticancer immunotherapy. The current procedure of ex vivo load- 
ing of autologous DCs with tumor-associated antigen (TAA) and their activation for 
clinical application is laborious and expensive, and remains poorly standardized. The 
use of viral vectors represents an attractive alternative approach to loading resident 
DCs in vivo by targeted TAA delivery and simultaneous activation. The feasibility of 
sCAR-mediated Ad targeting to DCs was demonstrated by Pereboev et al., by generat- 
ing sCAR fusion with scFv against human CD40, which was derived using the G28-5 
hybridoma cell line?’ and demonstrating highly efficient transduction of immature 
MoDCs.°® Using this sCAR-G28 adapter, Asiedu et al.°° showed that improved trans- 
duction of mature rhesus monkey MoDCs with Ad expressing transforming growth 
factor (TGF)-61 could significantly suppress alloimmune responses and inhibit prolif- 
eration of CD4 and CD8 responder T cells. These results and work by Clement et al. 
illustrated that adapter-mediated Ad targeting can promote TGF-ß1 gene expression in 
nonhuman primate mature MoDCs to function as alloantigen-specific cellular immu- 
nosuppressants, an approach that has the potential to facilitate induction of allograft 
tolerance in vivo. The study by Brando et al.°! showed that the bispecific scFv S11- 
G28 adapter can serve as well to significantly enhance Ad transduction efficiency 
of human MoDCs while increasing the ability of MoDC to activate CTL in an anti- 
gen-specific manner. 

Further development of the CD40-targeting approach was achieved using the 
adapter molecule, CFm40L, which was designed by fusing ectodomains of CAR and 
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mCD40 ligand (mCD40L) via a trimerization motif.© Incorporation of the trimeriza- 
tion motif served to increase fiber knob binding avidity while maintaining the native 
trimeric CD40L conformation necessary for efficient mCD40 binding and function,’ 
which is compatible with its human counterpart owing to the high degree of homol- 
ogy between mouse and human tumor necrosis factor-like CD40L domains.® Pere- 
boev et al. showed that gene transfer to mouse BMDC using CFm40L-targeted Ad 
was over four orders of magnitude more efficient than that for the untargeted Ad5 
control, resulting in transduction of 70% of the BMDC compared with undetectable 
transduction using Ad5 control. Most important, CD40-targeted Ad induced in vivo 
phenotypical DC maturation, upregulated IL-12 expression, and elicited superior Th 
and CTL responses against the B-galactosidase model antigen in Balb/c mice. Results 
of this study demonstrated that Ad-mediated gene transfer to DC can be significantly 
enhanced using nonnative transduction pathways such as the CD40 pathway, which 
may have important applications in genetic vaccination for cancer and infectious dis- 
eases. To study the effects of adapter-mediated Ad targeting via the CD40 pathway 
in vivo, Huang et al.°* compared biodistribution and immune responses after intrave- 
nous (i.v.), intradermal (i.d.), and intranasal (i.n.) administration of CFm40L-coated 
Ad5 and untargeted Ad5 control in Balb/c mice. The CD40-targeted Ad5 injected i.v. 
revealed increased transgene expression in the lung and thymus, which normally do not 
sequester significant amounts of virus after systemic administration. After i.d. injec- 
tion, CD40-targeted Ad showed about 300-fold lower gene transfer signals detected 
mainly in local draining lymph nodes and skin compared with control Ad5. Of note, 
undesirable ectopic sequestration of untargeted Ad5, which was detected in brain tis- 
sue that showed the second highest gene expression level after the lung, was largely 
ablated using CD40-targeted Ad complexes. Moreover, CD40 targeting elicited more 
sustained antigen-specific cellular immune responses (up to 17-fold) against nucleo- 
capsid protein of SARS-CoV, which was used as a model antigen, at later time points 
(30 days after boosting) after i.d. and i.n. application, but also significantly hampered 
humoral responses irrespective of the administration route. This study demonstrated 
that CFm40L adapter-mediated Ad targeting can profoundly alter the patterns of virus 
biodistribution and immune responses against the transgene after local and systemic 
administration. 

Preclinical evidence of therapeutic use of an adapter-mediated DC targeting 
approach for cancer immunotherapy was obtained by Hangalapura et al.® using 
Ad encoding the full-length melanoma antigen recognized by T cell-1 (MART-1) 
coupled with the CFm40L adapter.®? It was demonstrated that this CD40-targeted 
Ad-MART-Ivector enhanced transduction of conventional and plasmacytoid DC 
subsets, but not B cells, in suspensions of human melanoma-draining sentinel lymph 
nodes ex vivo resulting in reduction of regulatory T cell (Tregs) frequencies while 
facilitating expansion of functional MART-1-specific CD8* T cells. Further study by 
Hangalapura et al.°° demonstrated enhanced transduction and maturation of cultured 
BMDCs with CFm40L-coupled Ad-GFP-TRP2,,.;9_13g vector encoding the immu- 
nodominant H-2Kb-binding epitope of tyrosinase-related protein 2 (TRP2) fused to 
eGFP compared with untargeted control. The BMDCs transduced with DC-targeted 
vector ex vivo induced stronger TRP2,.180_1gs—Specific CD8* T-cell responses in 
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peripheral blood while resulting in improved prophylactic vaccination efficacy in the 
aggressive and poorly immunogenic murine B16F10 melanoma model.*’ To assess the 
effect of CD40 targeting on the induction of immunity against weakly immunogenic 
TAAs, CFm40L-coupled Adgp100 vector encoding a full-length human gp100°* was 
employed for i.d. vaccination. These studies revealed that CD40-targeted Adgp100 
significantly enhanced the induction of a gp100,;_33-specific CD8* T cell response and 
antitumor efficacy in both prophylactic and therapeutic vaccination settings, which 
translated into an improved survival of tumor-bearing animals receiving a CFm40L- 
Adgp100 vaccine. These results thus clearly showed enhanced antitumor efficacy 
afforded by the CFm40L-mediated in vivo targeting of Ad5-based vaccines encoding 
weakly immunogenic TAAs to DCs. Taken together, these studies support the use of 
CFm40L-coupled Ad vectors for in vivo DC targeting to accomplish high-efficacy 
CTL priming while breaking immune tolerance against TAAs to achieve therapeutic 
anticancer efficacy in preclinical and clinical studies. 

To test whether the CD40-targeting strategy can improve the outcomes of prostate 
cancer immunotherapy, Williams et al.°? developed a murine model of prostate can- 
cer by generating derivatives of the mouse RM-1 prostate cancer cell line expressing 
human prostate-specific membrane antigen (PSMA).’° To maximize antigen presen- 
tation in target cells, both major histocompatibility complex class I and transporter 
associated with antigen processing protein expression was induced in RM-1 cells by 
transduction with Ad5-IFN-gamma vector expressing interferon-gamma.’! Adminis- 
tering DCs infected ex vivo using CD40-targeted Ad5-huPSMA coupled with CFm40L 
adapter, as well as direct intraperitoneal injection of the vector—adapter complexes, 
resulted in high levels of tumor-specific CTL responses against RM-1-PSMA cells 
pretreated with Ad5-IFN-gamma, thus significantly improving the therapeutic antitu- 
mor efficacy. These data suggested that DC-targeted Ad delivery of PSMA mediated 
by CFm40L adapter may be effective clinically for prostate cancer immunotherapy. 

The adapter approach was explored to improve Ad vector utility for T lympho- 
cyte—based therapies.’? To surmount T lymphocyte resistance to Ad infection, Beatty 
et al. proposed designing sCAR ectodomain fusion with murine interleukin 2 
(sCAR-mIL-2) that targets Ad to the murine IL-2 receptor (IL-2R). Interleukin-2R is 
T lymphocyte specific and highly expressed in therapeutic T lymphocyte populations 
such as CD4*Foxp3* regulatory T lymphocytes and activated CD4+ and CD8* T lym- 
phocytes.’* This study showed the use of Ad5 vector coupled with an sCAR-mIL-2 
adapter to infect a murine T-cell line, CTLL-2, and activated primary murine T lym- 
phocytes allowed a nine- and fourfold improvement in reporter gene expression levels 
compared with Ad5 vector alone, respectively. These findings have broad application 
for the study of T cell biology and genetic modification of T cells for therapeutic use. 

The technologies of designed ankyrin repeat proteins (DARPins) and ribosome dis- 
play were employed to develop a DARPin that binds the Ad5 fiber knob domain with 
low nanomolar affinity. In particular, Dreier et al.” reported a novel design of bispecific 
adapter protein that chelated the knob in a bivalent or trivalent fashion while provid- 
ing binding specificity for HER-2, an established cell-surface biomarker of human can- 
cers. This study showed that the efficacy of gene transfer by the adapter-Ad complex 
increased accordingly with the functional affinity of these molecules, enabling efficient 
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virus transduction at low stoichiometric adapter-to-fiber ratios. In principle, DARPins 
can be generated against any target, which makes this versatile adapter approach useful 
for developing a broad range of disease-specific Ad vector applications. The most recent 
refinement of DARPin technology allowed the development of a series of adapters that 
bind the Ad5 fiber knob with such high affinity that they remain fully bound for more 
than 10days while blocking Ad native receptor tropism and mediating interaction with 
a surface receptor of choice.’° By solving the crystal structure of the complex of the tri- 
meric knob with three bound DARPins at 1.95-A resolution, Dreier et al. used computer 
modeling to devise a trimeric protein of extraordinary kinetic stability. Specifically, the 
capsid protein SHP from the lambdoid phage 21 served to bind the knob like a tri- 
meric clamp fused with DARPins of varying specificities, thus allowing Ad5-mediated 
gene transfer in a HER-2-, EGFR-, or EpCAM-dependent manner with transduction 
efficiencies comparable to or even exceeding those of Ad5 alone. With these adapters, 
efficiently produced in Escherichia coli, Ad can be conferred new receptor specificities 
using receptor-binding ligands available for many cell types of choice, which suggests 
the means to engineer practical and effective Ad targeting approaches. 


3.1 Combination of Genetic Capsid Modification and Adapter- 
Mediated Ad Targeting 


To achieve a strong association between viral particles and adapter proteins, several 
groups proposed combining genetic capsid modification with a targeting adapter 
approach. To this end, the Ad5 fiber capsid protein was genetically fused to the C-ter- 
minal biotin acceptor peptide (BAP).’’ Adenovirus 5 particles bearing this BAP were 
metabolically biotinylated during vector production by the endogenous biotin ligase 
in 293 cells to produce covalently biotinylated virions. The resulting biotinylated vec- 
tor could be retargeted to new receptors by conjugation to biotinylated antibodies 
using tetrameric avidin (Ky=10-!°M). Campos et al.” used a panel of metabolically 
biotinylated Ad vectors to directly compare targeted transduction mediated through 
the fiber, protein IX, and hexon capsid proteins using a variety of biotinylated ligands 
including mAb, transferrin, EGF, and cholera toxin B. This study clearly demon- 
strated that effective cell targeting could be achieved only when biotinylated fiber 
protein served for receptor-binding ligand conjugation. In contrast, protein IX and 
hexon-mediated ligand conjugation with the same ligands failed to provide vector 
targeting, likely because of aberrant trafficking at the cell surface or inside targeted 
cells. These data suggested that Ad targeting will likely be the most efficient through 
fiber modification rather than pIX or hexon protein. Using Ad5 vector containing 
metabolically biotinylated fiber proteins, Chen et al.’? showed retargeting to primary 
cultured human corneal epithelial cells, which was mediated by conjugation with 
biotinylated EGF, providing up to ninefold increased transduction of EGFR-express- 
ing corneal epithelial progenitor cells while reducing transduction of differentiated 
corneal epithelial cells. A biotin—avidin linkage was also used to conjugate Ad vectors 
to ligands that bind with high affinity to ChemR23, a,$3-integrins, and DC-SIGN 
receptors®° to improve the efficacy of human MoDCs transduction, maturation, and 
ability to stimulate cytokine production by autologous memory CD8* T cells against 
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the vector-encoded immunodominant human cytomegalovirus pp65 protein com- 
pared with untargeted virus. This study expanded the range of receptors that could be 
employed for DC targeting to facilitate the development of Ad-based vaccines. 

An alternative targeting strategy was proposed to combine genetic incorporation of 
the immunoglobulin (Ig) binding domain of Staphylococcus aureus protein A into the 
Ad fiber protein with targeting ligands fused to the Ig Fe domain to form vector-ligand 
targeting complexes.8!-83 Korokhov et al.° showed that targeting ligands containing the 
Fe domain and either an anti-CD40 scFv or CD40L form stable complexes with Ad 
vector incorporating the so-called Cd of S. aureus protein A, which resulted in signif- 
icant augmentation of gene delivery to MoDCs target cells. Using a similar approach 
of genetic fiber modification to insert a synthetic 33—amino acid IgG-binding domain 
(Z33) derived from protein A, Volpers et al.8! demonstrated up to a 77-fold increased 
gene transfer efficacy in differentiated primary human muscle cells, which was achieved 
by preincubation of the AdFZ33 vector with mAb directed against neuronal cell adhe- 
sion molecule or a,-integrin. This versatile Ad targeting strategy was employed by 
Kawashima et al.8* to demonstrate highly efficient gene transfer in biliary cancer cells 
using AdFZ33 vector combined with mAb against EpCAM or EGFR compared with 
the control antibody or without antibody. This study showed that AdFZ33 vector, which 
was constructed to express uracil phosphoribosyl transferase, complexed with anti-Ep- 
CAM or anti-EGFR mAb, remarkably enhanced the sensitivity of biliary cancer cells 
to 5-fluorouracil but not cells lacking EpCAM or EGFR expression including normal 
hepatocytes and thus resulting in significantly suppressed growth of biliary cancer xeno- 
grafts in nude mice. Employment of this versatile IgG-binding Ad vector approach holds 
promise to solve the problem of structural and biosynthetic compatibility between viral 
capsid proteins and targeting ligands by allowing direct use of the available repertoire 
of mAb against cell surface antigens for Ad targeting to a variety of cellular receptors. 

Use of the bispecific adapter approach has established several key concepts with 
respect to the goal of Ad vector retargeting. (1) It was clearly shown that Ad5-based vec- 
tors can provide effective gene transfer via CAR-independent cell entry pathways. Thus, 
virus interaction with its primary attachment receptor does not appear to be essential to 
attain the effective cell entry. (2) Achievement of CAR-independent infection via alter- 
native cellular receptors allows augmented levels of gene transfer. Indeed, redirecting 
Ad5 infection via nonviral receptors allows improving the susceptibility of target cells 
in vitro and in vivo. (3) The targeting use of adapter molecules depends on interaction 
with viral capsomers. In this regard, the targeting ability of bispecific molecules appears 
to be the most efficient through Ad fiber interaction rather than pIX or hexon protein. 


4. Adenovirus Targeting Using Genetic Modification 
of Capsid Proteins 


As discussed, molecular adapters have allowed modification of Ad tropism and key 
proof-of-principle demonstrations of targeted gene transfer in both in vitro and in vivo 
delivery contexts. However, the genetic capsid modification approach is the preferred 
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Figure 2 Schematic outline of Ad capsid modifications using genetic incorporation of 
heterologous ligands. Adenovirus targeting strategies employing manipulation of the Ad 
genome included peptide incorporation to the HI loop and C-terminus of the knob domain, 
serotype chimerism, fiber/knob replacement, and combinatorial approaches. Chimeric Ads 
composed of fiber/knob domains from alternative serotypes, fiber-xenotyped Ad vectors 
displayed fibers from nonhuman Ad species, and knobless Ad fiber-—fibritin fusion. Genetic 
incorporation of peptides into the HVR of hexon and C-terminus of the pIX. 


configuration for clinical applications of targeted Ad vectors. Methods to alter Ad 
vector tropism have capitalized on the knowledge that viral capsid proteins including 
fiber, hexon, penton base, and pIX are the key determinants of specificity of Ad infec- 
tion. On the basis of these considerations, several approaches have been developed to 
alter Ad5 tropism using genetic capsid modifications (Figure 2). 


5. Employment of Chimeric and Mosaic Fibers 


In the first instance, the method of Ad retargeting is based on use of Ad capsid pseudo- 
typing using fiber substitution with fiber from different serotypes. These chimeric 
fibers are primarily derived from viruses that employ different receptors for cell bind- 
ing including CD46,*° CD80/CD86,°° and desmoglein-2.57** In early studies, the 
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use of a method to construct an Ad5/3 vector containing chimeric fibers composed 
of the tail and shaft domains of Ad5 and the knob domain of Ad serotype 3 (Ad3) 
was established.’ More recent studies demonstrated high transduction efficacy of 
Ad5/3-based vectors in a variety of Ad5-refractory tumor cell types with low CAR 
expression including renal cell carcinoma,”? ovarian cancer,’! melanoma,” and pros- 
tate cancer cells.” Several fiber chimeric Ad vectors have been developed to achieve 
tumor- or tissue-specific gene delivery by employing fibers derived from Ad35, Ad40, 
or Ad19p.°*°8 Over the past decade, additional approaches to Ad retargeting were 
developed using fibers from nonhuman Ad species. A number of fiber-xenotyped Ad5 
vectors were developed based on chimeric fibers with knob domains from aviadeno- 
virus or atadenovirus,”? canine Ad serotype 2 (CAV-2),! canine Ad serotype 1 (CAV- 
1),!°! and porcine Ad serotype 3 and 4 (PAd3 and PAdYV-4).!0?:!03 In addition to fibers 
from nonhuman Ad vectors, a fiber-mosaic Ad5 vector encoding two different fibers 
including the wild-type Ad5 and the receptor-binding molecule of Dearing (T3D) reo- 
virus serotype 3 was constructed. Use of fiber-like o1 attachment protein provided 
enhanced infectivity in tissues with low CAR expression and tropism expansion via 
infection of cells expressing sialic acid and junction adhesion molecule 1.194 

Ad targeting must embody the concept that tumors are complex tissues that are 
composed of many interdependent cellular components, including malignant cells, 
cancer stem (or stem-like) cells, and tumor-associated stromal elements. In this regard, 
a fiber-mosaic strategy of capsid modification in which single viral particles can incor- 
porate two distinct fiber species was evaluated using mosaic Ad5 vectors with fibers 
derived from wild-type Ad5 fiber and FF6H protein consisting of the amino-terminal 
segment of Ad5 fiber sequence genetically fused with the carboxy-terminal portion of 
the phage T4 fibritin protein, followed by the linker and the 6-His ligand.!°° In another 
study, Murakami et al. generated a fiber-mosaic Ad vector displaying both Ad5 fiber 
and a chimeric fiber protein composed of the Ad5 tail domain and the Ad3 shaft and 
knob domains. The capacity of the dual-fiber Ad vector to transduce distinct cell types 
in a mixed cell population was demonstrated in vitro. This fiber profile allows the 
expanded tropism required for an inclusion targeting strategy, which is based on the 
use of fiber-mosaic viral particles that can infect cells efficiently with a distinctive 
receptor’s repertoire.!°° More recent studies have demonstrated that employment 
of fibers derived from both Ad5 and Ad3 increased oncolytic potency of CRAd. An 
experimental therapy study using a human pancreatic tumor xenograft model demon- 
strated that employment of complex mosaicism increased efficacy of the combination 
of oncolytic virotherapy with chemotherapy. !°7 


6. Employment of Targeting Peptides in Fiber 
Modification 


Several strategies have been developed to alter tropism of Ad5-based vectors to 
achieve a cell-specific gene delivery by employing fiber modifications using genetic 
incorporation of targeting motifs. Generally, retargeting strategies have focused on 
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Ad fiber modifications, because it is the major determinant of Ad tropism. It was 
shown that insertion of an integrin-binding RGD motif or polylysine peptides into 
the C-terminus of the fiber knob significantly reduced the transduction efficiency of 
CAR-positive cells by Ad vectors.!°° In early studies, the use of an exposed HI-loop 
structure connecting f-sheets H and I in the Ad knob domain as an alternate location 
for the cysteine-constrained RGD-4C (CDCRGDCFC) peptide insertion was demon- 
strated by Dmitriev et al.!°? Based on evidence that RGD and polylysine (pK7) motifs 
bind to different cell surface proteins, cellular integrins, and heparan sulfate—con- 
taining receptors, respectively, double-modified Ad fiber knob with RGD and pK7 
motifs have been shown to enhance Ad5 infection via CAR-independent pathways 
and improved gene transfer efficiency.!!° Promising data have been demonstrated in 
studies in which the phage display technique was used to determine specific binding 
peptides. The display of polypeptide repertoires on the surface of filamentous phages 
as well as peptide incorporated Ad libraries was shown to be a valuable method for 
isolating unique peptides that can be employed for Ad targeting. In vivo selection of 
phage display libraries and Ad libraries displaying random peptides on the fiber knob 
techniques were successfully employed to acquire a number tumor-homing peptides 
with a targeting specificity related to angiogenic blood vessels (CDCRGDCFC and 
CNGRCVSGCAGRC),!!! tumor lymphatic vessels (CGNKRTRGC),!!? pancreatic 
cancer (SYENFSA),!!° and renal cell carcinoma (HITSLLS).*8 Phage display technol- 
ogy was used to isolate an HVGGSSV peptide that binds specifically to tax-interacting 
protein-1 receptor in irradiated tumors.'!* Although these modifications allowed for 
tropism alterations, in many instances the application of this approach has been lim- 
ited by incompatibility between the capsid and ligand. In addition, targeting motifs 
fused to the fiber protein demonstrated decreased binding functionality or an impaired 
proper protein tertiary structure.!!5 

The means of transductional retargeting of the Ad was accomplished by fiber mod- 
ification approaches allowing incorporation of large and complex targeting moieties 
and retaining trimerization of the fiber. These modifications are based on the concept 
of chimeric knobless fiber by replacing the native Ad fiber knob protein with an alter- 
native protein capable of providing trimerization functions and allowing the incorpo- 
ration of targeting peptides.!!° Initial studies involved generating knobless Ad vectors 
with trimerization motifs derived from Moloney murine leukemia virus,!!’ bacterio- 
phage T4 fibritin,''® or trimerization motifs derived from reoviral o1 protein!!? were 
introduced in place of knob domain followed by the C-terminal Myc-epitope or 6His- 
tag. All of these fiber-modified vectors were shown to mediate receptor-specific trans- 
duction in vitro through interaction with surface-expressed Abs. 

Whereas a wide range of targeting moieties have been employed for recombinant 
Ad vectors, the restricted repertoire of available targeting peptides that are functionally 
compatible with insertion in the fiber protein has led to the consideration of various 
Ab species for Ad retargeting purposes. Furthermore, the biosynthesis of candidate Ab 
species designed for Ad incorporation must be compatible with Ad capsid protein syn- 
thesis and assembly. To this point, available Ab species have not proved to be biolog- 
ically compatible with cytosolic Ad capsid synthesis and assembly, resulting in loss 
of binding affinities. This loss of binding specificity, in the instance of incorporated 
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scFv, is likely because Ad capsid proteins are normally synthesized in the cytosol with 
assembly in the nucleus, whereas scFv molecules are typically routed through the 
rough endoplasmic reticulum.!2° In this context, the redox state of the cytosol likely 
results in improper scFv folding that perturbs the structural configuration required for 
antigen recognition, leading to loss of binding specificity. Despite the demonstrated 
utility of stabilized scFv with molecular scaffold motifs designed to resist the dele- 
terious effect of the cytosol redox state for Ad retargeting,!!®!?! the limited available 
repertoire of target specificities of this class of scFv practically restricts this approach. 

Recent studies validated the use of fiber-based targeting moieties using synthet- 
ically constructed monobodies representing single-domain Ab mimics based on the 
tenth human fibronectin type HI domain (10Fn3) scaffold to achieve selectivity of 
gene transfer using tropism-modified Ad.!22 In contrast to these synthetically con- 
structed monobodies, Kaliberov et al. considered the use of alternate antibody spe- 
cies that might embody a stability profile compatible with the cytosolic biosynthesis 
of Ad capsid proteins.!? The discovery of unconventional immunoglobulins derived 
from the serum of animals in the camelid family (camels and alpacas) that consist of 
only the two heavy-chains (hcAbs) as the basis of antigen recognition and binding 
has made possible their use for Ad-mediated gene therapy.'?+ Unlike conventional 
immunoglobulins, hcAbs contain a single variable domain (VHH) linked to two con- 
stant domains.!?° Cloned and isolated single-domain antibodies have shown effective 
targeting in model systems and a remarkable stability profile compared with conven- 
tional immunoglobulins and scFvs.!?°!?7 It was shown that expression of anti-CEA 
VHH genetically incorporated into a deknobbed Ad5 fiber-fibritin protein did not dis- 
rupt the trimerization capability of the Ad fiber and retain antigen recognition func- 
tionality. The ability of an anti-CEA VHH fused to fiber-fibritin chimera to provide 
specific and efficient targeting of the CEA-expressing cancer cells for Ad-mediated 
gene transfer was also demonstrated. !?3 


7. Employment of Alternative Capsid Sites for Ligand 
Incorporation 


Despite the demonstrated use of fiber modification for Ad retargeting, this approach 
has been limited by incompatibility between the fiber protein and ligand that leads 
to impaired antigen recognition functionality. Another approach has focused on the 
development of retargeting Ad using other capsid proteins besides fiber. In early stud- 
ies, small peptides were incorporated into Ad capsid proteins, such as peptide epitope 
from the hemagglutinin protein of influenza virus within a penton base.!2° 

Evidence shows that the hexon is the most abundant Ad capsid protein, which 
makes the hexon an attractive site for the presentation of targeting moieties. The ten- 
dency of i.v. administered Ad5 to localize in the liver represents a major factor limiting 
current strategies to accomplish targeting of Ad vector. The major pathway of liver 
transduction involves interactions of Ad capsid proteins with circulating blood cells 
and with plasma proteins including several components of complement pathway and 
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blood coagulation zymogens.!?®130 Although not universally accepted, liver uptake 
of Ad is mediated by high-affinity interaction between the major protein in the Ad5 
capsid, hexon, and y-carboxylated glutamic acid domain of coagulation factor X (FX). 
The Ad5—FX complex attaches to hepatocytes through binding of the serine protease 
domain of FX to cell surface heparan sulfate proteoglycans.!31-133 It was shown that 
different Ad serotypes interact with FX with distinct affinities. For instance, human 
Ad serotypes 26, 35, and 48 bind to FX with relatively low affinity compared with 
Ad5,!3!.154-136 More recently, it was shown that ablation of FX binding to Ad5 with 
modified hexon protein resulted in decreased liver tropism. 130-137138 

Comparisons of the hexon sequence among different Ad serotypes revealed several 
unique serotype-specific sequences: hypervariable regions (HVR1-9) at loops 1 and 2, 
which are exposed on the exterior surface of the hexon molecule. Incorporation of an 
av-specific DCRGDCF ligand in the HVR5 of hexon resulted in enhanced transduc- 
tion of cells with low levels of CAR expression.!*° In another study, the 6-His epitope 
was incorporated in HVR2 and HVR5.!4 It was shown that HVRs 2, 3, 5, 6, and 7 
are amenable to insertion of a 6-His motif. In addition, anti-6-His Ab recognized Ad 
vectors with 6-His inserted into HVRs 2 and 5.'!° A subsequent study demonstrated 
that HVR5 of hexon was capable to accommodate a peptide up to 36 amino acids 
(aa) in length!*! as well as the 71-aa BAP protein!*? with minimal adverse effects 
on virion stability. It was later shown that substitution of HVR7 of the Ad5 hexon 
with HVR7 from Ad3 resulted in decreased liver tropism and dramatically altered 
biodistribution of gene expression. Systemic administration of AdH5/H3CMVLuc, 
AdH5RoboLuc, and AdH5/H3RoboLuc in C57BL6J mice produced Luc expression 
in the liver that was 59- and 431- and over 240,000-fold, respectively, lower than 
wild-type AAHSCMVLuc. The results of these studies suggest that the combination of 
liver detargeting using a genetic modification of hexon with an endothelium-specific 
transcriptional control element produces an additive effect in the improvement of Ad5 
biodistribution. 14 

The minor capsid protein IX (pIX), which is present in 240 copies in the Ad cap- 
sid, was exploited as an anchor for heterologous C-terminal extensions of up to 113 
aa in length, which included 75 A a-helical spacers between pIX protein and peptide 
ligands. The MYC-tagged-pIX molecules were readily accessible to anti- MYC Ab.!*+ 
In early studies, use of pIX for genetic incorporation of targeting ligands was estab- 
lished by Dmitriev et al.!45 In this study, Ad vectors containing modified pIX carry- 
ing a C-terminal Flag epitope along with a heparan sulfate binding motif consisting 
of either eight consecutive lysines or a polylysine sequence were constructed. The 
pIX variants were efficiently incorporated into the capsid of Ad particles. Using an 
anti-Flag Ab, it was shown that modified pIXs are incorporated into virions and dis- 
play Flag-containing C-terminal sequences on the capsid surface. The incorporation 
of a polylysine motif into the pIX ectodomain resulted in significant augmentation of 
Ad fiber knob-independent infection of CAR-deficient cell types.'*> Using this strat- 
egy, Ad retargeting was achieved by incorporating large targeting moieties, including 
eGFP,!*© HSV 1-tk,!*” and metallothionein. 148-149 

The use of pIX protein as a platform for presenting scFv or sdAb molecules for 
Ad retargeting was evaluated. The 13R4 scFv directed against B-galactosidase, which 
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was selected for its capacity to fold correctly in a reducing environment such as the 
cytoplasm, was fused with pIX using a 75-A-spacer sequence.!2! In another study, a 
single-chain T cell receptor directed against cancer/testis antigen melanoma-associ- 
ated antigen (MAGE)-A1 in complex with the human leukocyte antigen (HLA) class I 
molecule of haplotype HLA-A1 was fused with the C terminus of the pIX. Generated 
particles specifically transduced melanoma cells expressing the HLA-A1/MAGE-A1 
target complex with at least 10-fold higher efficiency than control viruses.!°° How- 
ever, because of the nature of the Ad capsid proteins synthesis and virion assembly, 
even the endoplasmic reticulum—targeted pIX-scFv proteins were incorporated into 
the Ad capsid at a low level that was not sufficient to retarget virus infection. In con- 
trast, it was shown that expression of anti-EGFRvIII sdAb on the Ad capsid through 
fusion to pIX can be used to redirect Ad infection. !2 


8. Conclusion 


It is widely acknowledged that improving the therapeutic potential of Ad vectors 
requires elimination of the natural viral tropism and introduction of a novel mecha- 
nism of selective cell recognition that would allow directed virus localization to the 
target tissue. The strategies described above including the use of bispecific adapter 
molecules and the genetic incorporation of targeting ligands into capsid proteins were 
extensively developed to redirect Ad5 infection via nonnative pathways. Targeted Ad 
vectors hold the promise to expand the types of diseases that can be treated by gene 
therapy and to make the therapeutic applications of Ad vectors more effective. The 
increased specificity achieved by targeting virus infection to cells of interest will ulti- 
mately allow lower and safer doses of Ad vectors to be provided when regional or 
systemic delivery is contemplated in the future. 

The nature of the virus—host interactions that dictate the fate of systemically admin- 
istered Ad vectors has come under considerable scrutiny in recent years. Recent stud- 
ies focused on the biology of interactions between Ad capsid components and host 
blood factors and their influence on systemic virus biodistribution revealed the ability 
of the vitamin K—dependent coagulation factors VII, IX, X, and protein C to bind 
trimeric hexon in the viral capsid and facilitate CAR-independent infection of hepatic 
cells after intravascular Ad5 vector administration. These efforts serve to highlight the 
complexity of virus—host interplay in the artificial blood-borne environment and have 
identified modifications of the fiber and hexon proteins that significantly decrease 
infection and virus-induced toxicity in the liver. Thus, it is recognized that the infec- 
tion pathway of systemically administered Ad5 is mediated via multiple mechanisms 
involving blood factors rather than direct virus interaction with cellular receptors. 
On this basis, it becomes increasingly apparent that engineering of capsid proteins to 
overcome ectopic sequestration in the liver coupled with virus retargeting via a non- 
native infection pathway represents a rational strategy to direct Ad vector localization 
to the tissue of interest subsequent to systemic vascular administration. In this regard, 
genetic engineering of the Ad fiber protein appears the most straightforward way to 
generate targeted Ad vectors with novel tropism. 
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Despite major advancements illustrating the potential of genetic Ad targeting 
in vitro, efforts to employ high-affinity ligands including growth factors and scFvs 
have mostly been unsuccessful, frustrating targeting of Ad vectors to many attractive 
cellular markers. On the basis of these deliberations, the use of alternate Ab species 
that might embody a stability profile compatible with the cytosolic biosynthesis of 
Ad capsid proteins was considered. Camelid hcAbs possess characteristics ideal for 
an Ad retargeting strategy: (1) cytosolic stability allowing functional incorporation 
into the Ad capsid and (2) compatibility with phage biopanning selection to allow 
target cell specificity. Based on these useful attributes, a number of targeted Ad vec- 
tors using genetic incorporation of sdAb into fiber-fibritin or pIX proteins have been 
developed. This finding provides an important technical approach allowing practical 
linkage of capsid modification of Ad vector and ligand-based strategies for targeting 
gene delivery. 

Whereas single-component vector systems have been favored for employment 
in the context of human clinical trials, rigorous analysis of the pharmacodynam- 
ics and systemic stability of vector—-adapter complexes could provide the ratio- 
nale for clinical translation. In this respect, previous in vivo studies using various 
Ad5 fiber knob-binding adapters have provided compelling evidence of reduced 
ectopic liver transduction and receptor-specific vector delivery to target organs or 
tumors. The utility of adapter molecules constructed using an anti-Ad5 knob scFv 
or the sCAR ectodomain is obviously limited to Ad5 and other CAR-binding Ad 
serotypes. This provides a rationale for the development of a new class of protein 
adapters capable of Ad vector targeting by virtue of binding to alternative capsid 
epitopes. The use of such a serotype-independent targeting modality could provide 
the technical means for testing the ability of vectors derived from representatives 
of various Ad species to localize to the tissue of interest while overcoming ectopic 
organ sequestration. 

Thus, novel Ad tropism modification maneuvers that embody the concepts of 
detargeting and retargeting by combining elements of genetic capsid modification and 
adapter-based approaches have encouraging implications for further development of 
advanced delivery vehicles. 
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1. Introduction—Rationale of Transcriptional Targeting 


Gene therapy is an innovative approach aimed to introducing genetic material into an 
organism for therapeutic intent. Still in its infancy, this novel concept has witnessed a 
fundamental preclinical success with numerous ongoing clinical trials to confirm these 
findings. Critical to the success of gene therapy trials are issues relating to specific 
delivery of physiologically active biomolecules at therapeutically significant concen- 
trations. Initially this was achieved by using direct intralesional injections of vectors 
to localize the delivery to the target tissue and universal promoters to maximized 
expression at that site. Over the past several years we and several other investigators 
have investigated the potential of tumor-specific promoters to transcriptionally regu- 
late gene expression in the laboratory and in clinical trials. The safety demonstrated 
by these trials using tumor/tissue-specific promoters has led to the recent approval of a 
trial administering a conditionally replicative adenovirus systemically for the treatment 
of metastatic prostate cancer. 

In order for gene therapy to be widely applicable, there is an urgent need to develop 
new generation of viral vectors capable of achieving these goals of targeted delivery 
and controlled gene expression at the target site. The aim of this chapter is to discuss 
various potential strategies that have been utilized to achieve tissue-/tumor-specific 
expression using adenoviral vectors. A better understanding of tissue-specific gene 
expression necessitates basic review of the eukaryotic transcription process at the 
molecular level. Consequently, we begin by examining the molecular architecture of 
DNA and its relationship with the transcriptional mechanism. 


2. Regulation of Transcription in Eukaryotes 


To fully understand the complexity underlining transcriptional targeting, a brief review 
of the mammalian transcriptional process follows: 
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Figure 1 DNA organization: The double helical DNA is tightly complexed with a core of 
eight histones to form nucleosomes. Nucleosomes bound with H1 histone form chromato- 
somes which in turn form highly condensed fibers to form compact chromatids that are finally 
packaged into chromosomes. 


2.1 Molecular Organization of DNA (Figure. 1) 


During interphase the genetic material in association with proteins is dispersed 
throughout the nucleus in the form of chromatin. At the onset of mitosis, chroma- 
tin condensation takes place, and during prophase it undergoes further compression 
into recognizable chromosomes. The associated proteins are basic, positively charged 
(lysine and arginine containing) histones and less positively charged nonhistones 
including high-mobility group proteins. Histones play a key role in chromatin structural 
organization and are subject to various posttranslational modifications like acetylation, 
phosphorylation, and ubiquitination. Histones constitute nearly half of all the chroma- 
tin protein by weight and can be divided into six types: H1, H2A, H2B, H3, H4, and 
HS. DNA is incorporated into a 100-A nucleosomal fiber comprising of two molecules 
each of H2A, H2B, H3, and H4, which form the core histone octamer along with one 
linker histone H1 or H5. The nucleosome core particle consists of 146 base pairs (bp) 
of DNA while the core histone octamer interacts with about 200 bp of DNA. While the 
histones function by interacting with DNA to form nucleosome, the nonhistone pro- 
teins are responsible for performing diverse functions including tissue-specific tran- 
scription. The 100-A nucleosomal fiber is arranged into a higher order structure termed 
as a 300-A supercoiled filament or solenoid. Evidence indicates that certain nonhis- 
tone proteins including topoisomerase II bind to chromatin every 60—100 kilobases and 
tether the supercoiled, 300-A filament into structural loops. Further interaction with 
other nonhistone proteins leads to gathering of loops into rosettes, which in association 
with additional nonhistones undergo condensation, forming a scaffold. This is known 
as radical loop-scaffold model of compaction. Special, irregularly spaced repetitive 
base sequences associate with nonhistone proteins to define chromatin loops. These 
stretches of DNA are known as scaffold-associated regions. In order to be competent 
for transcription, the 300-A chromatin filament must undergo decondenzation. 
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Figure 2 Central dogma: According to the central dogma the flow of genetic information is 
deterministic and unidirectional and refers to transcription of DNA to RNA and translation of 
RNA to protein. The genetic information cannot be transferred back from protein to either pro- 
tein, RNA or DNA. Exceptions to central dogma include (a) prions where genetic information 
is transferred between prion proteins and (b) retroviruses which transcribe the RNA into DNA 
by the enzyme reverse transcriptase. 


2.2 The Central Dogma (Figure. 2) 


According to the central dogma, the genetic information flows from (1) DNA to DNA 
during genomic replication and (2) DNA to protein during gene expression. Gene 
expression can be simply defined as a phenomenon by which the genetic informa- 
tion stored in DNA is transferred to a protein. It involves two distinct processes. The 
process by which cells convert genetic information from DNA to RNA is called tran- 
scription and the decoding of RNA information to generate a specific sequence of 
amino acids is called translation. In addition, the flow of genetic information from 
RNA to DNA has been demonstrated in the case of retroviruses. Thus, the flow of 
genetic information from DNA to RNA is sometimes reversible; however, this flow is 
unidirectional from RNA to protein and irreversible since, normally, the genetic infor- 
mation within the mRNA intermediate is not altered. However, a few exceptions in the 
form of RNA editing seem to challenge the present concept. RNA editing has been 
shown to alter the information content of the gene transcripts by changing the struc- 
tures of individual bases and by inserting or deleting uridine monophosphate residues. 

Gene expression in eukaryotes is a spatial and temporally regulated process. Gene 
expression is regulated at multiple levels including transcription, posttranscriptional 
processing, nucleocytoplasmic transport, mRNA stability, translation, posttransla- 
tional modification, and intracellular trafficking of the protein. 


2.3 Transcription (Figure. 3) 


In eukaryotes, transcription occurs in the nucleus with the help of RNA polymerase to 
generate a single-stranded RNA molecule that is complementary in base sequence to 
the DNA template strand. There are three different types of RNA polymerases for the 
transcription of different types of genes. RNA polymerase I functions to transcribe 
rRNA genes to generate a large rRNA primary transcript which undergoes processing 
within the nucleolus to generate a 28S rRNA, a 5.8S rRNA, and an 18S rRNA. RNA 
polymerase II transcribes all of the protein coding genes into primary transcripts 
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Figure 3 Eukaryotic transcriptional machinery: Eukaryotic transcription is governed by 
RNA polymerases I, II and II. RNA polymerase I transcribes polycistronic preribosomal RNA 
which is the precursor for the 5.8S, 18S and 28S rRNAs. RNA polymerase II transcribes all 
protein coding genes and synthesizes mRNA. Extensive RNA processing in the nucleus includ- 
ing addition of 5’ cap on mRNA, intron removal by RNA splicing and polyadenylation occurs 
prior to RNA export to the cytoplasm. RNA polymerase II and II transcribe microRNAs as 
well as ncRNAs. RNA polymerase III transcribes the genes for tRNA, 5SRNA and U6 snRNA. 


called pre-mRNAs that upon posttranscriptional processing generate mRNAs. While 
RNA polymerase III is known to transcribe tRNAs, 5S rRNA, and small nuclear 
RNAs (snRNAs). 

There are two main types of cis-acting elements in all polll-transcribed genes: 
promoters and enhancers. The promoter, which is in close proximity to the protein 
coding region, consists of nucleotide sequences spanning approximately —40 and +50 
relative to a transcription initiation site. A typical core promoter consists of four distinct 
elements: (1) A unique sequence called Goldberg-Hogness or the TATA box has a 
consensus sequence TATAAAA and is located about —25 to —30 nucleotides upstream 
of the transcription initiation site. The TATA box alone is sufficient for independently 
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directing a low-level polll mediated transcription. (2) An initiator element that is func- 
tionally analogous to TATA box that directly overlaps the transcription start site and has 
a loose consensus sequence PyPyA+1NT/APyPy. (3) The downstream core promoter 
element is located approximately at position +30 downstream of the initiation site and 
acts in conjunction with the initiator element to direct transcription initiation. (4) The 
TFIIB recognition element, which has the consensus sequence 9/.9/.9/,CGCC and is 
located from —32 to —38 upstream of the TATA box. Another cis-acting element called 
CAAT box has a consensus sequence GGCCAATCT and is located near position —70 
to —80 relative to transcription initiation site. Mutagenesis studies suggest the critical 
role of CAAT box in modulating promoter’s ability to facilitate transcription. 

Besides, pollI promoters often contain two conserved sequences, the SP1 or GC 
box (GGGCGG) at about position —110 and the octamer box (ATTTGCAT); however, 
their positions are variable and they may occur either singly or in multiple copies. 
These consensus sequences are known to influence the efficiency of the promoter 
in initiating transcription. In addition, the regulatory regions termed enhancers are 
located farther upstream, downstream, or within the gene. The activity of the enhancers 
is independent of the location, orientation, and the gene type. Although, they may not 
be involved directly in template binding, they are capable of modulating highly effi- 
cient transcription initiation. 

The promoter regions are normally sequestered within the nucleosome and thus 
are rarely able to bind to basal transcription factors and RNA polymerase thereby 
leading to transcriptional repression or silencing. In order for transcription initiation 
to occur, the sequestered promoter must be exposed so that it can readily bind basal 
factors, and this is achieved by chromatin remodeling. The DNA in highly compacted 
chromatin is relatively resistant to nuclease DNasel digestion. Thus, sensitivity of the 
DNA to DNasel reveals the degree of chromatin condensation and is directly propor- 
tional to the transcriptional activity of a particular gene. Chromatin remodeling by 
acetylation and deacetylation of the histone proteins represents a major regulatory 
mechanism during gene activation and repression, respectively. The acetylation of his- 
tones by histone acetylase causes neutralization of the lysine basic charge, which in 
turn causes relaxation of contacts between the histones and the DNA. Thus, acetylated 
histones are preferentially found in active or potentially active genes where the chro- 
matin is less tightly packed. Further, treatment of cultured cells with compounds like 
sodium butyrate, which enhances histone acetylation, leads to activation of previously 
silenced cellular genes. 

The normal chromatin in the nucleosomal conformation can be converted into 
highly condensed heterochromatin, which is transcriptionally inactive, by the addition 
of methyl groups to a series of cytosine residues in the CpG di-nucleotides found in 
tissue-specific genes. Thus, methylation and demethylation may play a crucial role 
in tissue-specific gene regulation. Locus control regions (LCRs) are specialized reg- 
ulatory sequences located several kilo base pairs upstream of the gene and capable 
of modulating transcription of gene clusters by influencing the chromatin structure. 
An assembled LCR-transcription factor complex is called an enhanceosome, and if 
any of the components of this complex are missing, transcriptional activation of the 
gene cluster cannot occur. Insulators or boundary elements are regulatory sequences 
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located in the vicinity of junctions between condensed and decondensed chromatin, 
which represent transcriptionally active and inactive loci, respectively. Insulators do 
not enhance transcription and are responsible for position-independent effects, but can 
prevent transcription when placed between an enhancer and a promoter. 


2.4 Mechanism of Transcription 


Eukaryotic transcription by RNA pollI involves five stages (1) formation of the 
pre-initiation complex, (2) initiation, (3) promoter clearance, (4) elongation, and (5) 
termination. RNA polll cannot interact directly with the promoter to initiate transcrip- 
tion but requires recruitment to the promoter by interacting with transcription factors. 
Transcription initiation is precisely controlled by the binding of a variety of trans-acting 
proteins termed transcription factors to the promoter and the enhancer. Transcription 
factors that assist the binding of RNA polymerase II to the promoter and initiate low 
levels of transcription are called basal factors, while other transcription factors are 
termed activators and repressors by binding to the enhancers. The transcription factors 
that bind to the TATA box are known as TATA-binding protein (TBP) and are essential 
to the initiation of transcription from all polll genes. A number of other basal factors 
that associate with TBP are called TBP-associated factors (TAFyņs) and they help in 
the assembly and binding of the complex to the promoter, which in turn leads to 
transcription initiation. 

The first event in the formation of pre-initiation complex involves recognition of 
TATA box by a multi subunit transcription factor IID (TFIID) complex. A complex 
consisting of TBP and TAFys called TFIID specifically binds to the TATA box to 
induce conformational changes that favor the binding of other transcription factors 
like TFIIA and TFIIB both of which can interact directly with TFIID. TFIIB serves 
two critical roles in transcription initiation: (1) It acts as a bridge and recruits TFIIF/RNA 
pollI to the promoter and (2) It aids in the selection of the transcriptional start site. 
TFIIB interacts asymmetrically with TFIID-DNA and contacts the phosphodiester 
backbone of DNA both upstream and downstream of TATA box. The position of the 
amino terminus of TFIIB in the DNA-TFIID-TFIIB complex is located near the 
transcription start site, which might explain the role of TFIIB in stabilizing the melting 
of the promoter prior to RNA synthesis. 

Following the assembly of the DNA—TFITD-TFIUA-TFUB complex, RNA polll 
is recruited to the promoter by TFIIF. TFIIF has two subunits: (1) The larger subunit 
RAP74 has an ATP-dependent DNA helicase activity which may catalyze the local 
unwinding of the DNA to initiate transcription and (2) The smaller subunit RAP38 
by which it binds tightly to the RNA polll. This is followed by binding of TFIE to 
the DNA downstream from the transcriptional start point. Two other factors, TFITH 
and TFIIJ are recruited to the initiation complex but their locations in the complex 
are unknown. The interaction of the pre-initiation complex with the core promoter 
alone is not sufficient to initiate transcription. A sequence of events beginning with the 
phosphorylation of the carboxy-terminal domain of RNA pollI by TFIIF followed by 
ATP hydrolysis set the stage for DNA melting, initiation of synthesis, and promoter 
clearance. Most of the TFI factors dissociate before RNA polll leaves the promoter. 
The carboxy-terminal domain coordinates the processing of RNA with transcription. 
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The general process of transcription initiation is similar to that catalyzed by bacte- 
rial RNA polymerase. Binding of the RNA polII generates a closed complex, which 
is converted at a later stage to an open complex in which the DNA strands have been 
separated. TFIJE and TFIIH are involved in an extension of the unwound region of 
the DNA to allow polymerase to begin transcription elongation. Several elongation 
factors including TFIIF, SH, SII, ELL, and P-TEFb function to suppress or prevent 
premature pausing of RNA polll as it traverses the DNA template. Early in the elon- 
gation process when the growing RNA chains are about 30 nucleotides long, the 
5’ ends of the pre-mRNAs are modified by the addition of 7-methyl guanosine caps. 
The 7-methyl guanosine cap contains an unusual 5’—5’ triphosphate linkage, and two 
methyl groups are added posttranscriptionally. The 7-methyl guanosine caps are rec- 
ognized by protein factors involved in the initiation of translation and also help by 
protecting the growing RNA chains from degradation by nucleases. 

The 3’ ends of the RNA transcripts are produced by endonucleolytic cleavage of the 
primary transcripts rather than by the termination of transcription. The transcription 
termination occurs at multiple sites located 1000 to 2000 nucleotides downstream 
from the site that will eventually become the 3’ end of the mature transcript. The 
endonucleolytic cleavage occurs 11 to 30 nucleotides downstream from the conserved 
consensus sequence AAUAAA, which is located near the end of the transcription unit. 
Following endonucleolytic cleavage, the enzyme ploy-A polymerase adds a stretch 
of about 200 nucleotides long poly-A tail to the 3’ ends of the transcript in a process 
termed polyadenylation. 


2.5 Structural Motifs (Figure. 4) 


The transcription factors are modular in nature and contain characteristic structural 
motifs. The DNA-binding domain, as the name implies, binds to the DNA sequences 
present in the promoters and enhancers while the trans activation domain is responsible 
for the activation of transcription via protein—protein interactions. The DNA-binding 
domains have characteristic three-dimensional motifs, which result from associations 
between amino acids present within the polypeptide chains. Thus far, at least five 
types of DNA-binding motifs have been extensively characterized. These include, 
(1) helix-turn-helix (HTH) motif, (2) leucine zipper motif, (3) helix-loop-helix (HLH) 
motif, (4) zinc finger motif, and (5) steroid-hormone-binding motif. 


1. Helix-turn-helix motif (HTH) was first discovered as the DNA-binding domain of phage 
repressor proteins. It is characterized by a geometric conformation that consists of two 
a-helical regions separated by a turn of several amino acids, which enable it to bind to 
DNA. Unlike other DNA-binding motifs, HTH cannot function alone but as part of larger 
DNA-binding domain; it fits well into the major groove of the DNA. The HTH motif 
has been identified in a stretch of 180-bp sequence called homeobox, which specifies a 
60-amino-acid-homeodomain sequence in a large number of eukaryotic transcription factors 
involved in the developmentally regulated genes. 

2. Leucine zipper motif consists of a stretch of amino acids with a leucine residue in every 
seventh position. The leucine-rich regions form a o-helix with leucine residue protruding at 
every other turn, and when two such molecules dimerize, the leucine residues zip together. 
The dimmer contains two a-helical regions adjacent to the zipper, which bind to phosphate 
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Figure 4 Structural motifs: The DNA-binding domains of activator proteins interact with 
DNA through specific amino acids which have high-affinity to specific nucleotide sequence. 
(A) Helix-turn-helix motif is found in phage repressors and contains one helix in the wide 
groove of DNA and the other helix at an angle across DNA. (B) Zinc finger motif comprises 
a DNA binding domain and has the consensus sequence Cys-X2-4-Cys-X3-Phe-X3-Leu- 
X2-His-X3-His which is stabilized by metal ions including zinc. (C) Leucine zippers are the 
dimerization domains of bZIP class of transcription factors which have high binding affinity 


for ACGT motifs. (D) Transcription factors containing Helix-loop-helix motif are dimeric with 


each helix containing basic amino acid residues that facilitate DNA binding. 


residues and specific bases in DNA giving it a scissors like appearance. The transcription 
factor AP1 has two major components: Jun and Fos polypeptides encoded by c-jun and c-fos 
genes, respectively. Both Jun and Fos contain leucine zippers in their dimerization domains. 
A Jun leucine zipper can interact with another Jun leucine zipper to form a homodimer or 
with a Fos leucine zipper to form a heterodimer; however, Fos leucine zipper is unable to 
interact with another Fos leucine zipper to form a homodimer. Neither Jun nor Fos alone can 
bind to DNA and thus in their monomeric forms, they are unable to act as transcription fac- 
tors. However, Jun—Jun homodimers or Jun—Fos heterodimers are both transcription factors 
and bind to DNA with same target specificity but with different affinities. The ability to form 
homo or heterodimers greatly increases the repertoire of potential transcription factors a cell 
can assemble from a limited number of gene products. 

. Helix-loop-helix (HLH) motif consists of a stretch of 40-50 amino acids containing two 
amphipathic a-helices separated by 12—28-amino-acid-long non-helical loop. The proteins 
bearing HLH form both homodimers and heterodimers by means of interactions between 
the hydrophobic residues on the corresponding faces of the two helices. The HLH proteins 
that contain a stretch of highly basic amino acids adjacent to the HLH motif are termed as 
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bHLH proteins. These bHLH proteins are of two types: Class A consists of proteins that are 
ubiquitously expressed (e.g., Mammalian E12/E47), while, Class B consists of proteins that 
are expressed in a tissue-specific manner (e.g., mammalian MyoD, myogenin, Myf-5). 

4. Zinc finger motif was first recognized in the Xenopus RNA polll transcription factor TFIIA. 
There are several types of zinc finger proteins, however, the classic zinc finger consists of 
about 23 amino acids with a loop of 12-14 amino acids between the Cys and His residues 
and a 7—8-amino-acid linker between the loops. The consensus sequence of a typical zinc fin- 
ger is Cys-X»_4-Cys-X3-Phe-X3-Leu-X>-His-X3-His. The interspersed cysteine and histidine 
residues covalently bind a single zinc ion to form a tetrahedral structure thereby folding the 
amino acids into loops. The crystal structure analysis of DNA bound by zinc fingers suggests 
that the C-terminal part of each finger forms a-helices that bind DNA while the N-terminal 
part forms a f-sheet. Three a-helices fit into one turn of the major groove and each a-helix 
makes two sequence-specific contacts with DNA. A zinc finger transcription factor may con- 
tain anywhere from 2 to 13 zinc fingers. Thus zinc finger binds to DNA and also controls the 
specificity of dimerization. Therefore, a zinc finger motif offers a novel strategy to design arti- 
ficial sequence-specific DNA-binding protein, aimed at regulating specific gene expression. 


Recent studies indicate that it is possible to engineer gene switches based on zinc 
finger protein for precise and specific regulation of gene expression. Beerli et al.! have 
utilized zinc finger domains to design a polydactyl protein specifically recognizing 9 or 
18 bp sequences in the 5’ untranslated region of the erbB-2/HER-2 promoter. They have 
evaluated the efficacy of gene regulation by converting the polydacty] finger into a tran- 
scriptional repressor by fusion with Kruppel-associated box (KRAB), ERF repressor 
domain (ERD) or mSIN3 interaction domain (SID) repressor domains. Transcriptional 
activators were generated by fusion with HSV VP 16 activation domain or with a tetram- 
eric repeat of VP16’s minimal activation domain, termed VP64. Their results indicate 
that both gene repression and activation can be achieved by targeting designed proteins 
to a single site within the transcribed region of a gene. Kang and Kim? have examined the 
ability of designer zinc finger transcription factors to regulate transcription in vitro using 
an ecdysone inducible system. They constructed a 268/NRE chimeric peptide by linking 
the three-finger peptide from Zif268, which recognizes the site 5-GCGTGGGCG-3’, 
and the three-finger NRE peptide (a variant of the Zif268 peptide) that binds specifically 
to part of a nuclear hormone response element, 5’--AAGGGTTCA-3’. By incorporating 
a 19-bp binding site for the 268/NRE near the transcriptional start site in the luciferase 
reporter vectors, >99% repression of activated transcription was observed in vivo. Ear- 
lier studies have shown that 268/NRE peptide binds to the 19-bp recognition sequence 
about 6000-fold more tightly than the Zif268 peptide (Kim and Pabo*). Imanishi et al.* 
have utilized zinc fingers to create six-zinc finger proteins Sp1ZF6(Gly)n by connecting 
two DNA-binding domains of transcription factor Sp! with flexible polyglycine peptide 
linkers. These peptides were capable of inducing specific DNA-bending by binding to 
two GC boxes and may provide an optimized approach to control gene expression by 
changing the DNA-bending direction. 

Corbi et al.° have engineered a novel gene “Jazz” that encodes for a three-zinc finger 
peptide capable of binding the 9-bp DNA sequence, 5’-GCTGCTGCG-3’, present in 
the promoter region of human and murine utrophin gene. Chimeric transcription fac- 
tors Gal4-Jazz and Sp1-Jazz were able to drive the expression of luciferase from the 
human utrophin promoter. Moore® have addressed the issue of zinc finger DNA-binding 
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specificity by altering the way in which zinc finger arrays are constructed. Their results 
suggest that by linking three two-finger domains rather than two three-finger units, far 
greater target specificity and binding with picomolar affinity can be achieved through 
increased discrimination against mutated or closely related sequences. Taken together, 
the overall results suggest the potential utility of zinc finger based designer transcrip- 
tion factors in achieving regulation of gene specific expression in diverse applications 
including gene therapy, functional genomics and transgenic organisms. 


2.6 Regulation of Adenoviral DNA Transcription Process 


The adenovirus is a double-stranded DNA virus that has evolved to infect a host cell, 
transport its DNA into the nucleus of the host, replicate its DNA, use the host tran- 
scriptional apparatus to produce necessary structural proteins for replication, assemble 
itself, and destroy the host to release the newly formed infectious particles to perpetu- 
ate the process further. This process has been described in detail in Chapter 3. 


3. Approaches of Transcriptional Regulation 
3.1 Prior Rationale Universal Promoters 


Several universal promoters have been utilized to attempt to maximize gene expression. 
The LTR, CMV, and RSV promoter were isolated from Maloney retrovirus, cytomeg- 
alovirus, and Rous sarcoma virus, respectively. These promoter elements were used 
because of the universal transcriptional activation over a broad host range. This uni- 
versal transcription allowed for excellent but non-discriminatory gene transcription and 
subsequent transgene expression. Because of the high levels of gene expression within 
several DNA constructs (i.e., viruses, cosmids, plasmids, etc.) these promoters are still 
used daily throughout the scientific community to test hypothesis, which require uni- 
form and high-level gene transcription. These were the promoters utilized in the first 
wave of gene therapy clinical trials, which focused on maximal gene expression in local 
injection techniques used to control the region of gene expression achieved. The LTR 
promoter was used to control hsv-TK expression in a retroviral vector by placing retrovi- 
ral producer cells into residual brain tumors to confer TK expression to the brain tumor, 
which could lead to conversion of a prodrug and subsequent tumor cell death. The CMV 
promoter was used in a replication deficient adenovirus to deliver p53 gene expression 
after intralesional delivery to both lung and head and neck tumors of patients and is still 
under clinical investigation. The RSV promoter was employed to express hsv-TK after 
intralesional delivery in patients with several different tumor types. 


3.2 Current Rationale of Tissue-Specific Promoters (Figure. 5) 


A major challenge-facing gene therapy is to generate vectors capable of achieving tis- 
sue-or tumor-specific expression. Initial gene therapy strategies utilized universal pro- 
moters that demonstrated gene transfer, but were associated with toxicity associated 
with non-specific gene transduction (see Section 3.2). Tissue-specific promoters offer 


Targeted Adenoviral Vectors III: Transcriptional Targeting 269 





Nonprostatic Cell Prostate Cancer Cell 





Tumor-specific 
transcription 
factors 





Figure 5 Tissue specific promoter: Replication defective adenoviral vector Ad-OC-TK 
engineered to express osteocalcin promoter-driven TK gene achieves precise and highly 
specific targeted killing of only prostate cancer cells in the presence acyclovir (ACV) while 
sparing nonprostatic cells. Ad-OC-TK trial has shown promising results in metastatic prostate 
cancer patients. OC, osteocalcin. 


a novel approach to develop transcriptionally targeted viral vectors with enhanced 
potential for human gene therapy applications as described below. Several important 
characteristics are required to develop a tissue-/tumor-specific strategy for a particular 
disease. Fortunately, the recent explosion of our understanding of molecular events that 
are present in a variety of disease processes has simplified the identification of suitable 
promoters. Additionally the completion of the genome project and the utilization of 
microarray technology have enhanced the development of tissue- or tumor-specific 
promoters by allowing for the identification of novel but specific molecules associ- 
ated with a particular disease (e.g., cancer). The advancements in molecular cloning 
techniques (e.g., PCR) have allowed the investigator to extract regulatory sequences 
from genomic DNA and evaluate each component through site-directed mutagenesis 
analysis in plasmid expression vectors. Additionally, the development of luciferase 
and green fluorescent protein as well as other quantifiable transgenes has enabled the 
investigator to test the tissue- or tumor-specific nature of a particular promoter. 

To illustrate the concept and utility of a tissue-/tumor-specific promoter, five such 
promoters have been selected from Table 1. The basic rationale for selection, in-vitro 
and in-vivo laboratory investigation, and the clinical testing associated with each will 
be briefly reviewed below. 


3.2.1 Carcinoembryonic Antigen Promoter 


3.2.1.1 Rationale 

Carcinoembryonic antigen (CEA) is a 180-kDA cell surface glycoprotein overexpressed 
in 90% of gastrointestinal malignancies, including colon, gastric, rectal, and pancreatic 
tumors, 70% of lung cancers, and about 50% of breast cancers.” Thompson’ initially 
reported on the molecular cloning of the CEA gene from a human genomic library. 
Subsequently, Schrewe? also isolated and characterized a cosmid clone containing 


Table 1 Gene Therapy Applications of Tissue-specific Promoters for Transcriptional Targeting 








Promoter Tissue-Specificity Transgene Vector References 
AFP HCC HSV-TK Adenoviral Bilbao et al., Ishikawa et al.!?! 
ED IM? Adenoviral Kanai et al., Bui et al.?? 
Albumin Liver Factor VIII Adenoviral Balague et al., Brann et al. 
a-actin Muscle GHRH Nonviral Draglia-Akli et al. 
lactalbumin Breast cancer CD Adenoviral Anderson et al. 
lactoglobulin Breast cancer HSV-TK Adenoviral Anderson et al. 
globin Erythroid cells B-globin Retroviral Li et al.!3 
c-erbB2 Breast and pancreatic cancer HSV-TK Adenoviral Vassaux et al. 
CEA Breast, pancreatic, lung and HSV-TK, cre Adenoviral Tanaka et al.,!° Kijima et al. 
colorectal carcinoma H-ras mutant Adenoviral Takeuchi et al.!> 
Egr-1 Radiation induced TNF-a, LacZ Adenoviral Staba et al., Manome et al. 
E-selectin Tumor endothelium TNF-a Retroviral Jaggar et al. 
GFAP Glial cells FasL Adenoviral Morelli et al. 
TH Retroviral Cortez et al. 
Grp78 (BIP) Anoxic/acidic tumor tissue HSV-TK Adenoviral Gazi et al. 
HSV-TK Retroviral Chen et al. 
hAAT Hepatocytes FactorIX Nonviral Miao et al. 
HGH Pituitary HSV-TK, Adenoviral Lee et al.*8 
HGPH-o Pituitary HSV-TK, Adenoviral Lee et al.48 
HIF-10/HRE Hypoxia inducible Erythropoietin Nonviral Rinsch et al. 
HSP Heat induced p53, TNF-a Nonviral Luna et al. 
L-Plastin Epithelial tumors LacZ Adenoviral Chung et al. 
MBP Oligodendrocytes Caspase 8 Adenoviral Shinoura et al. 
GFP AAV Chen et al. 
MCK Undifferentiated muscle LacZ Adenoviral Hauser et al. 
MMTV-LTR Breast cancer Antisense c-myc Retroviral Steiner et al. 
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MUCI (DF3) 


Nestin 
NSE 


Osteocalcin 
PEPCK 
PSA 


Preproenkephalin 
Probasin 

Prolactin 
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Breast cancer 


Glioma, Glioblastoma 
Neurons 


Osteosarcoma, prostate 
Hepatocytes 
Prostate 


CNS 
Prostate 


Pituitary lactotrophic cells 
Ovarian, cervical carcinoma 
Smooth muscle cells 
Respiratory epithelium 
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EIA 

HSV-TK 
Gremleac# 
FasL, 

BDNF 
HSV-TK 
Insulin 
Nitroreductase 
HSV-TK, PNP 
LacZ 

E1A 

HSV-TK 
HSV-TK 

LacZ 

HSV-TK 

Luc, PNP 
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Adenoviral 
Retroviral 
Adenoviral 
Adenoviral 
AAV 
Adenoviral 
Adenoviral 
Adenoviral 
Adenoviral 
HSV 
Adenoviral 
Adenoviral 
Nonviral 
Adenoviral 
Adenoviral 
Nonviral 
HSV 





Kurihara T. et al. 
Ring et al. 
Kurihara H. et al. 
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the entire coding region of the CEA gene including its promoter. The CEA promoter 
region encompasses 400 bp upstream of the translational start site and is known to con- 
fer tissue-specific CEA expression. Hauck and Stanners!° have demonstrated that the 
CEA promoter region located between —403 and —124 bp upstream of the translational 
initiation site is capable of directing high levels of gene expression in CEA-express- 
ing human colon cancer CRC cells. Chen et al.!! have identified the CEA promoter 
region to lie between —123 and —28 bp upstream from transcriptional start site and have 
shown the presence of SP1 and upstream stimulatory factor binding sites. According 
to Richards!* the CEA promoter is located between —90 and +69bp upstream from 
the transcriptional start site and the essential sequences of the CEA promoter reside 
between —90 and —17 bp upstream of the transcriptional start site of the CEA gene. 
Cao et al.!? have compared the CEA core promoter regions between —135 and +69 bp 
isolated from human colorectal carcinoma and normal adjacent mucosa and found that 
both the sequences were identical and without any mutations. Taking advantage of this 
fact various studies have suggested potential utility of the CEA promoter for restricted 
expression of heterologous genes (Osaki,'* Hauck and Stanners,!° Richards!’). 


3.2.1.2 In Vitro and In Vivo Experiments with CEA Promoter 
Takeuichi!> demonstrated that an adenoviral vector-encoding CEA promoter-driven 
N116Y-dominant negative H-Ras mutant was capable of suppressing liver metastasis 
by human pancreatic cancer cell line PCI-43 in a nude mice model. Lan et al.!®!7 have 
demonstrated successful adenoviral mediated transduction of Eschershia coli cytosine 
deaminase (CD) in vitro as well as in an immunodeficient in vivo model of MKN45 gas- 
tric carcinoma. As compared to an adenoviral vector, in which CD expression is driven 
by CAG promoter, the expression of CD under the control of CEA promoter was con- 
fined to tumor xenografts. However, the reduction in tumor burden by AACEA-CD/5FC, 
although significant, was not as superior as that induced by AdCA-CD/5FC. In fact the 
CEA promoter was shown to be 200 times less active as compared to the CAG promoter. 

Similar results have been described in mice-bearing xenografts that were trans- 
fected with CEA-CD constructs and subsequently treated with 5-FC (DiMaio!* and 
Richards!). Tanaka and collogues!? have used CEA promoter sequence located 
between —424 and —2bp upstream of translational start site to generate an adenovi- 
ral vector expressing HSV-TK and examined its efficacy to kill CEA-producing can- 
cer cells in vitro and in vivo. By employing intratumoral Ad-CEA-TK injection and 
GCV administration, the growth of the tumors was inhibited by 20% as compared to 
untreated tumors. Brand et al.”° have used CEA promoter (—296 to +102 with respect 
to transcriptional start site) to drive the expression of HSV-TK in an adenoviral vec- 
tor. Their results indicate that CEA promoter was active in several human and rat 
tumor-derived cell lines but not in rat primary hepatocytes and in mouse liver, while 
the CMV promoter was highly active in all cell types. Although the CEA promoter 
driven TK expression was less, it was sufficient to kill 100% of cancer cells indicating 
a significant bystander effect. Treatment of subcutaneous tumors in SCID mice with 
Ad-CEA-TK was able to significantly reduce tumor growth, and the tail vein injection 
of a high dose of this virus caused no side effects in the liver. 

Kijima et al.” have utilized a novel Cre-Lox system-based strategy to achieve 
enhanced antitumor effect against CEA-producing human lung and colon cancer cell 
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lines. Their strategy involved generation of two recombinant adenoviral vectors: one 
expressing Cre recombinase gene under the control of the CEA promoter, while the sec- 
ond adenoviral vector is designed to express HS V-TK gene from the CAG promoter only 
after Cre excises the neomycin-resistance gene (inserted between the CAG promoter and 
HSV-TK) in a loxP site-specific manner (Cre recombinase derived from bacteriophage 
P1 mediates site-specific excisional deletion of a DNA sequence that is flanked by a pair 
of loxP sites composed of 34 nucleotides.). This novel approach requires simultaneous 
co-infection of a cell by the two adenoviral vectors. Using this approach, CEA-produc- 
ing human cancer cell line was rendered 8.4-fold more sensitive to GCV as compared 
to infection by Ad-CEA-TK alone. Intratumoral injection of Ad-CEA-Cre along with 
Ad-lox-TK followed by GCV treatment almost completely eradicated CEA-producing 
tumors in an athymic subcutaneous tumor model, whereas intratumoral injection of 
Ad-CEA-TK with GCV treatment showed reduced tumor growth. 


3.2.2 a-Fetoprotein Promoter 
3.2.2.1 Rationale 


The human o-fetoprotein (AFP) gene is developmentally regulated and is expressed 
at high levels in the fetal liver, but its transcription declines rapidly after birth and 
is barely detectable in adult life (Belanger,”! Nahon*). However, overexpression of 
AFP gene is a characteristic feature of human hepatocellular carcinoma. The AFP 
gene is about 20kb long and contains 15 exons and 14 introns (Sakai?+). The cap site 
is located at position 44 nucleotides upstream of the translation initiation site, and 
the TATA box is located 27 nucleotides upstream from the cap site and is flanked by 
sequences with dyad symmetry. Other sequences in the 5’ untranslated region include 
a CCAAC pentamer, a 14-bp enhancer-like sequence, a 9-bp sequence homologous to 
the glucocorticoid-responsive element, a 90-bp direct repeat and several alternating 
purine/pyrimidine sequences. 

The AFP promoter is 200-bp region upstream of the transcriptional start site. It is 
regulated by hepatocyte nuclear factor 1 (HNF1), nuclear factor 1 (NF1), and CCAAT/ 
enhancer-binding protein (C/EBP). The human AFP enhancer is located between —4.9 
and —3.0kb upstream of the transcriptional start site and consists of at least two func- 
tional domains designated A and B, which have binding sites for at least four tran- 
scription factors, including HNF1, HNF3, HNF4, and C/EBP. The domain B is located 
at —3.7 to —3.3kb upstream of the transcriptional start site and is solely responsible 
for typical enhancer effects, but maximum enhancer activity is observed together with 
domain A located at —5.1 to —3.7 kb. A hepatoma-specific nuclear factor termed AFP 1 
is known to bind to an AT-rich sequence, TGATTAATAATTACA, in the B domain 
of the human AFP enhancer. The AFP enhancer plays a critical role in enhancing 
AFP gene expression in the fetal liver as well as in hepatocellular carcinoma. The 
AFP silencer which is a negative cis-acting element with a consensus sequence, 
5’-CTTCATAACCTAATACTT-3’, has been identified (Nakabayashi**). Two tran- 
scriptional silencer elements have been identified: proximal silencer, which contains a 
single copy of the consensus sequence at —0.31 kb, and the distal silencer at —1.75 kb, 
which carries four copies of the consensus sequence. Of the two silencers, the distal 
silencer exhibits a higher suppressive activity than the proximal silencer. The silencer 
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activity is manifested only when the silencer is located downstream of the enhancer 
and upstream of the promoter. An inverse correlation exists between the silencer activ- 
ity and the AFP expression levels in hepatocellular carcinoma cell lines, thereby sug- 
gesting the role of the silencer in downregulating the level of AFP expression. 


3.2.2.2 In Vitro and In Vivo Experiments with the AFP Promoter 

Because of its tissue-specific nature, the AFP promoter has been used in adenoviral 
vectors for transcriptional targeting of suicide genes in AFP-producing hepatocellular 
carcinoma cells in vitro as well as in vivo. Kaneko” developed adenoviral vectors 
containing either 4.9kb AFP promoter (Av!AFPTK1) or RSV promoter (Av1TK1) 
to express HSV-TK gene. In vitro and in vivo cell-specific killing was observed in 
AFP-producing HuH7 hepatocellular carcinoma cells transduced with Av1 AFPTK1 
and treated with GCV. In contrast to HuH7 tumors, AFP-nonproducing hepatocel- 
lular carcinoma SK-Hep-1 did not show complete regression when treated with 
AvlAFPTK1. Av1TK1 was able to cause complete regression in SK-Hep-1 tumors. 
Using a similar approach, Kanai? developed adenoviral vectors by incorporating AFP 
enhancer domains A and B (—4.0 to —3.3kb) and 0.17kb AFP promoter to drive the 
expression of HSV-TK. These vectors conferred cell-specific killing in AFP-producing 
HuH-7 and HepG2 cell lines but not in AFP-nonproducing HLE and HLF cell lines. 
Kanai et al.” have also reported on the development of adenoviral vectors in which 
the expression of E. coli CD is driven by AFP promoter. These vectors were capable 
of causing regression of HCC xenografts following treatment with 5FC. Arbuthnot 
et al.2® have analyzed in vitro and in vivo cell-specific expression of the nuclear 
6-galactosidase using adenoviral vectors containing transcriptional elements derived 
from either rat AFP or the human insulin-like growth factor II genes. Their results 
indicate hepatoma cell-specific expression using AFP promoter, however, primary 
hepatoma cells were poorly infected by these adenoviral vectors. Bui et al.” have 
compared adenoviral vector-mediated expression of IL-2 under the transcriptional 
control of murine AFP promoter and CMV promoters for the treatment of established 
human hepatocellular xenografts in CB-17/SCID mice. Intratumoral injection of these 
adenoviral vectors resulted in growth retardation and regression in a majority of ani- 
mals but with wider therapeutic index and less systemic toxicity using the AFP vector. 
Using the AFP promoter and cre-lox based approach Sato et al. were able to achieve 
strictly tissue-specific expression of LacZ in AFP-producing cells in vitro as well as 
in vivo in nude mice-bearing AFP-producing tumor xenografts. 


3.2.3 Prostate-Specific Antigen Promoter 


3.2.3.1 Rationale 

The gene for prostate-specific antigen (PSA), a member of the glandular kallikrein fam- 
ily, was independently characterized by Riegman?”3! and Lundwall*? from a human 
genomic library. The gene contains five exons and is located on the long arm of chromo- 
some 19, in the region q13.3-qter (Riegman*!). The gene is 7130bp long and includes 
633 bp of 5’ and 639 bp of 3’ flanking sequence. The promoter region contains a variant 
TATA box (TTTATA) at position —28 to —23, a GC box at —53 to —48, and a CACCC box 
at —129 to —-125. An imperfect palindromic sequence AGAACAGCAAGTGCT closely 
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related to reverse complement of the consensus sequence for steroid hormone recep- 
tor binding TGTACANNNTGTC/TCT is found at position —170 to —156. In addition 
GGGAGGG and CAGCCTC repeats are located in the region —123 to —72. Expres- 
sion of PSA is primarily detected in human prostate (Wang, Wang,** Gallee*>). Fur- 
ther, PSA expression has been shown to be androgen-responsive (Riegman*°). This is 
achieved by several transcription factors that are involved in regulating prostate-specific 
antigen gene. 

Two functionally active androgen receptor-binding sites or androgen-response ele- 
ments have been identified at positions -170 (ARE-I) and —394 (ARE-II) (Riegman,”© 
Cleutjens [Wang, 1997] Cleutjens*’~? et al., 1996, 1997). Cleutjens et al. (1997) have 
identified a complex, androgen-regulated 440-bp enhancer (—4366 to —3874) which con- 
tains a high-affinity AR-binding site, ARE-III 5-GGAGGAACATATTGTATCGAT-3’ at 
position —4200. In subsequent studies a 6-kb PSA promoter fragment has been shown 
to confer prostate-specific and androgen-regulated expression of B-galactosidase in 
transgenic mice (Cleutjens.*°) Pang et al.*! have identified an 822-bp PSA gene reg- 
ulatory sequence (PSAR) which when combined with the PSA promoter (PCPSA-P) 
exhibited an enhanced luciferase activity in LNCaP cells. Upon stimulation with 
10-100nM dihydrotestosterone, a more than 1000-fold increase in expression was 
observed as compared to androgen negative controls. Their studies further suggest 
that this 822-bp sequence alone could serve as a promoter thereby indicating that the 
complete PSA promoter contains two functional domains: a proximal promoter and a 
distal promoter, which can also function as an enhancer. 

Yeung et al.“ have identified two cis-acting elements within the 5.8-kb PSA pro- 
moter that are essential for the androgen-independent activity of PSA promoter in pros- 
tate cancer cells. Their studies provide evidence that androgen-independent activation 
of PSA promoter in androgen-independent prostate cancer cell line C4-2 involves two 
distinct regions: a 440-bp AREc and a 150-bp pN/H, which are responsible for upreg- 
ulation of the PSA promoter activity by employing two different pathways. AREc 
confers high-basal PSA promoter activity in C4-2 cells, while pN/H is a strong 
AR-independent positive-regulatory element of the PSA promoter in both LNCaP and 
C4-2 cells. Further a 17-bp RI fragment within the pN/H region was identified as 
the key cis-element, which interacts with a 45-kDa prostate cancer cell-specific tran- 
scription factor to mediate androgen and AR-independent transcriptional activation 
of the PSA promoter. By juxtaposing AREc and pN/H a chimeric PSA promoter has 
been created that exhibits twofold to threefold higher activity than wild-type PSA pro- 
moter in both LNCaP and C4-2 cells. Oettgen et al.® have identified a novel prostate 
epithelial-specific Ets transcription factor, PDEF, that is involved in PSA gene regulation 
and acts as a co-regulator of AR. PDEF acts as an androgen-independent transcriptional 
activator of the PSA promoter. It also directly interacts with the DNA-binding domain 
of AR and enhances androgen-mediated activation of the PSA promoter. Thus, strong 
tissue specificity of the PSA promoter makes it an ideal candidate for prostate cancer 
gene therapy. Latham et al.*+ have compared tissue-specific expression of luciferase 
reporter vectors by employing PSA, human glandular kallikrein (hKLK2), and CMV 
promoters in PSA-positive LNCaP and PSA-negative CoLo320, DG75, A2780, and 
Jurkat cells. Their studies revealed that minimal 628-bp PSA and hKLK2 promot- 
ers showed only low-level androgen-independent expression in both PSA positive 
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and -negative cell lines. Tandem duplication of the PSA promoter slightly increased 
expression in LNCaP cells. Addition of CMV enhancer upstream of the PSA or 
hKLK2 promoter led to substantially enhanced and nonspecific luciferase expression 
in all the cell lines. By placing a 1455-bp PSA enhancer sequence upstream of either 
the PSA or hKLK2 promoter a 20-fold increase in tissue-specific luciferase expres- 
sion was observed. Tandem duplication of the PSA enhancer increased the expression 
50-fold higher than either promoter, while retaining tissue specificity. The expression 
from all the enhancer constructs was 100-fold above the basal levels upon induction 
with androgen dihydrotestosterone. 


3.2.3.2 In Vitro and In Vivo Experiments with the PSA Promoter 

These enhancer sequences were incorporated in adenoviral vectors to express EGFP 
and nitroreductase. The results indicate low-level expression of EGFP by PSA 
enhancer promoter in LNCaP and no expression in non-PSA-producing EJ cells when 
compared with CMV promoter-driven EGFP. However, PSA enhancer promoter 
was able to express comparable levels of nitroreductase in tissue-specific manner 
in LNCaP cell alone. These transduced LNCaP cells upon treatment with CB1954 
exhibited cytotoxicity. A replication competent adenoviral vector CN706 in which 
the E1A gene is under the transcriptional control of the PSA enhancer/promoter has 
been shown to exhibit selective toxicity toward PSA-expressing prostate cancer cells 
(Rodriguez.*>) Martinello-Wilks et al.*° have examined the efficacy of adenoviral vec- 
tors with a 630-bp PSA promoter-driven HSV-TK and E. coli PNP genes for their 
ability to kill an AI prostate cancer cell line PC-3 tumor xenografts in a nude mouse 
model. Both HSV-TK and E. coli PNP-expressing adenoviral vectors were able to 
achieve significant tumor regression in vivo following GCV or 6MPDR treatment. 
Gotoh et al.“ have developed transcriptionally targeted recombinant adenoviral vec- 
tors by incorporating either 5837 bp long or 642bp short PSA promoter elements to 
drive the expression of HSV-TK. The long PSA promoter was shown to have superior 
activity over the short promoter and was more active in C4-2 cells than in LNCaP 
cells. In vitro expression of TK conferred marked killing of C4-2 cells upon acyclovir 
treatment. Administration of this virus in an in vivo subcutaneous C4-2 tumor model, 
followed by acyclovir treatment revealed significant inhibition of tumor burden. Lee 
et al.** have demonstrated tissue-specific growth suppression of PSA positive and neg- 
ative cell lines by transfecting PSA promoter—enhancer-driven p53 tumor-suppressor 
gene. Recently, human prostate cancer- and tissue-specific genes P503, P540S, and 
P510S have been identified using a combination of cDNA library subtraction and 
high-throughput microarray screening (Xu*’). It would be interesting to characterize 
the promoter region of these genes and use them in developing transcriptionally tar- 
geted adenoviral vectors. 


3.2.4 Osteocalcin Promoter (Figure. 6) 


3.2.4.1 Rationale 
Osteocalcin (OC) (bone y-carboxyglutamic acid (Gla) containing protein (BGP)) is a 
50-amino acid, 5.8-kDa, major noncollagenous protein found in adult bone and has 
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Figure 6 Schematic representation of osteocalcin (OC) promoter: The organization of 
OC promoter is very complex and includes far distal, distal, proximal promoter, OC box I, 
OC box II as well as vitamin D response element which is induced by vitamin D3. A novel 
replication competent adenoviral vector Ad-hOC-E1 in which adenoviral Ela and Elb genes 
are driven by a single bidirectional human OC promoter has enhanced tumor regression in 
androgen dependent and androgen-independent prostate cancer cells. 

Source: Ref. 130. 


TGACTCAcc 


been shown to be transcriptionally regulated by 1,25-dihydroxyvitamin D, (Pan and 
Price,>° Price>!). The human, rat, and murine OC genes have been cloned and each con- 
sists of four exons and three introns (Kerner,° Lian,5? Desbois>**>>). Montecino et al.56 
have reported that the key promoter elements are located in two DNasel hypersensi- 
tive sites. The proximal hypersensitive site (-170 to —70) includes sequence motifs 
that specifically interact with basal transcription factors such as Msx (Hoffman,>’ 
Towler®®°), HLH protein Id-1 (Tamura and Noda,®°), AP-1 (Banerjee®!), a bone-specific 
nuclear matrix-associated protein, NMP-2 (Bidwell,®2 Merriman), and a member of 
the AML family of transcription factors (Geoffroy, Banerjee™). The distal hyper- 
sensitive domain (—600 to —400) contains the vitamin D responsive element (VDRE, 
—465 to —437), which interacts with the VDR-RXRoa complex in a ligand-dependent 
manner (Markose,® Demay,°’ Breen®®). Montecino et al.°? have demonstrated that the 
promoter segment —343 to —108 is critical for inducing both proximal nuclease hyper- 
sensitivity and basal transcriptional activity, and the Dnasel hypersensitivity at —600 
is not essential for vitamin D-dependent transcriptional upregulation. Two additional 
NMP-2 sites (site A: -604 to —599, and site B: —440 to —435) have been identified in 
the sequences flanking the distal DNase I hypersensitive domain that might support 
specific interactions between the nuclear matrix and the OC gene promoter (Bidwell, 
Merriman.) Analysis of the 5’ flanking sequence of rat OC gene reveals a modular 
organization of the promoter consisting of TATAAAA sequence between —31 and —25 
and CCAAT sequence between —92 and —88 (Yoon.’°) Lian et al.°> have identified 
a 24-nucleotide regulatory sequence, 5’'ATGACCCCCAATTAGTCCTGGCAG-3,, in 
the proximal promoter region with a CAAT motif as a central element and have des- 
ignated this sequence as an OC box since only two nucleotide substitutions are found in 
the rat and human OC genes in this region. Hoffman et al.’ have reported that the OC 
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box is located at nucleotide positions between —99 and —76 and TATA box containing 
consensus GRE between —44 and —31. The stimulation of OC gene expression by 
1,25-dihydroxyvitamin D, is associated with sequence-specific binding of nuclear 
factors to a 26-bp sequence 5’--CTGGGTGAATGAGGACATTACTGACC-3’ located 
between —462 and —437. This sequence contains a region of hyphenated dyad symme- 
try and shares homology with consensus steroid-responsive elements. The promoter 
region has been shown to contain two sites of an E-box motif (a consensus-binding 
site for HLH proteins) termed as OCE1 (CACATG at —102) and OCE2 (CAGCTG 
at —149) (Tamura and Noda®). Mutagenesis studies have indicated that osteoblastic- 
specific gene transcription is regulated via the interaction between certain E-box binding 
transcription factors in osteoblasts and the OCE1 sequence in the promoter region of 
the OC gene. Banerjee et al.°! have demonstrated that an AML-1 binding sequence 
within the proximal promoter (nt —138 to —130) contributes to 75% of the level of OC 
gene expression. The promoter region is not GC rich and does not contain consensus 
sequence for the SP1 binding site.’! Theofan et al.’* have performed a detailed analy- 
sis of the BGP promoter region. Three regulatory elements that share partial homology 
with the consensus sequence for the glucocorticoid-responsive element (GRE) have 
been located at nucleotide positions —356, —178 and —68, respectively. In addition, 
two sequences related to the consensus sequence for the metal ion-responsive element 
(MRE) have been identified at position —190 and —143. An octanucleotide sequence 
TGCAGTCA is located directly adjacent 3’ to the second MRE. Two other sequences 
that share homology with the cAMP-responsive element are found at -437 (TGAGGACA) 
and —392 (TCACGGCA). The BGP promoter region also contains several pairs of 
inverted repeat sequences that form regions of dyad symmetry. Three particularly long 
regions of imperfect dyad symmetry are located between —523 to —504, —234 to —214, 
and —51 to —28. An octanucleotide palindromic sequence from —134 to —127 par- 
tially overlaps both a putative MRE- and cAMP-responsive element. A short sequence 
GCAG or its complement CTGC is repeated 17 times. A region of alternating purines 
and pyrimidines at location —90 to —81 from the CAT box has the potential to form 
a Z-DNA structure which may be important in gene regulation. A 7-bp OC silencer 
element 5’-TGGCCCT-3’ has been located between +29 and +35 position in the first 
exon of the human OC gene while two silencer elements 5’-CCTCCT-3’ (nt +106 to 
+111 and +135 to +140) and 5-TTTCTTT-3’ (nt +118 to +124) have been located in 
the first intron of the rat OC gene (Goto,’* Kearns”). 


3.2.4.2 In Vitro and In Vivo Experiments with the OC Promoter 

Ko et al. have developed an OC promoter-driven TK-expressing recombinant 
adenoviral vector to achieve tissue-specific killing of osteosarcoma cells in experi- 
mental animal model. Administration of this vector followed by acyclovir treatment 
led to a significant growth inhibition of osteosarcoma in experimental animal model. 
Cheon et al.’° have used a chemogene therapy approach by combining OC promoter- 
driven TK expression and acyclovir plus methotrexate treatment regimen in nude 
mice bearing either subcutaneous human osteosarcoma (MG-63) or rat osteosarcoma 
(ROS). Their results indicate that osteosarcoma tumor growth was more efficiently 
inhibited due to synergistic effects of combined methotrexate and acyclovir treatment. 
Shirakawa et al.”” have further demonstrated the potential utility of an adenoviral OC 
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promoter mediated suicide gene therapy for osteosarcoma pulmonary metastasis in 
nude mice. Hou et al.’* have demonstrated osteoblast-specific gene expression in adher- 
ent bone marrow cells using a 1.7-kb rat OC-CAT gene. Recipient mice were shown to 
be positive for osteoblast-specific expression following bone marrow transplantation. 

Using a replication defective adenovirus Ad-OC-TK we completed a phase I clinical 
trial that demonstrated the expected safety profile and gene transfer that we expected. 
Eleven men with recurrent or metastatic prostate cancer were enrolled in a phase I 
intralesional dose escalating trial combining two Ad-OC-TK injections with 3 weeks of 
valacyclovir administration. In summary, this was well tolerated at all doses reaching 
a maximum of 5x 10“10pfu (or 1x 10*12 vp) in patients in the high-dose group. Viral 
distribution studies revealed that after intralesional administration the patients demon- 
strated a measurable viremia for 2—3 days. Despite the presence of viral particles at these 
time points no patient demonstrated hepatotoxity with valacyclovir administration. This 
is in direct contrast to intralesional delivery of Ad-RSV-TK to the prostatic recurrence in 
which patients experience hepatotoxicity upon prodrug administration. Finally, compar- 
ison of biopsy specimens prior to the first(day 0) and second (day 7) injection and at the 
end of the study (day 30) revealed successful gene transfer at day 7 by immunohistochem- 
ical staining for hsv-TK and some evidence of tumor destruction by day 30. This expected 
and encouraging results have led us to propose a phase I trial to test the transcriptional 
ability of the OC promoter to regulate adenoviral replication in a similar format. 


3.3 MN/CA9 Promoter 
3.3.1 Rationale 


The human MN/CA9 gene has been isolated, sequenced and characterized by 
Opavsky.’? This gene is a member of the carbonic anhydrase family, which codes for 
a diverse group of catalysts of the reversible conversion of carbon dioxide to carbonic 
acid. MN/CA9 expression has been detected in several types of carcinomas including 
renal, ovarian and cervical as well as in normal gastric mucosa (Der and Stanbridge,°° 
Zavada,*! Liao,®* Pastorekova*>). The complete genomic sequence of MN/CA9 gene 
including the 5’-flanking region encompasses 10.9kb with a coding sequence com- 
prising of 11 exons. The MN/CA9 protein contains 459 amino acids with a molecular 
weight ranging from 54 to 58kDa. MN displays CA activity and binds zinc (Pas- 
torek**). The nucleotide sequence close to 5’ end shows 91.4% sequence homology to 
the U3 region of the long terminal repeats (LTR) of the human HERV-K endogenous 
retroviruses (Ono,*°). This LTR like sequence is 222 bp long with an A-rich tail at its 
3’ end. Analysis of the MN/CA9 promoter region between —507 and +1 upstream of 
the transcription initiation site indicates that despite the presence of 60% GC residues 
the additional features of TATA-less promoters are absent but presence of consensus 
sequences for API, AP2 and p53 transcription factor binding sites has been demon- 
strated (Locker and Buzard, Imagawa,°*’ El-Deiry**). Functional characterization of 
the 3.5kb MN 5’ upstream region by deletion analysis led to the identification of —173 
to +31 fragment as the MN promoter. The promoter region lacks the CpG-rich islands 
that are typical for TATA-less promoters but contains two non-overlapping consensus 
initiator sequences required for the promoter activity. 
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3.3.2 In Vitro and In Vivo Experiences with MN 


Initial in vitro studies with this promoter driving luciferase expression demonstrated 
tumor specificity for both renal cell carcinoma and cervical carcinoma. Based on the 
expression assays we have constructed an oncolytic adenovirus with MN promoter 
with has demonstrated 40—100-fold increased killing in human renal cell carcinomas 
compare to control cell lines not expressing this promoter activity. We are currently 
evaluating this oncolytic vector in animal models of human renal cell carcinoma. 


3.4 Inducible Transcription 


The ability to precisely regulate spatial and temporal expression of a particular gene 
is likely to have a significant impact in the field of human gene therapy. In order to 
be effective, such an approach must necessarily fulfill several criteria including: (1) 
biological safety, (2) ease of administration, (3) low basal expression, (4) high and 
gene-specific inducibility, (5) reversibility, and (6) must be preferably of human origin 
to minimize immunogenicity. A wide variety of inducible systems for regulating gene 
expression have been developed. These include the use of metal response promoter 
(Searle®’), heat shock promoter (Fuqua”), the glucocorticoid inducible promoter 
(Hirt?!), IPTG inducible lac repressor/operator system (Figge,°? Baim?*), tetracy- 
cline inducible system (Gossen and Bujard,”*), RU 486 inducible system (Wang”>), 
ecdysone inducible system (No”°), FK506/rapamycin inducible system (Rivera?’) 
hypoxia-inducible-factor-1 system (Dachs”®), radiation inducible system (Scott”’) and 
the tamoxifen inducible system (Putzer!). It is beyond the scope of this chapter to 
provide an in-depth information on all of the above mentioned inducible systems, con- 
sequently we would like to focus on those inducible systems that might have a higher 
potential for human gene therapy applications. 


3.4.1 Tetracycline Inducible System 


The tet-inducible system originally developed by Bujard and co-workers (Gossen and 
Bujard,”* Gossen!”!) is widely used to regulate gene expression. The tet-inducible sys- 
tem is based on the tetracycline resistance operon of E. coli. The system utilizes the 
specificity of the tet repressor (tetR) for the tet operator sequence (tetO), the sensi- 
tivity of tetR to tetracycline and the potent transactivator function of herpes simplex 
virus protein VP16. The system is based upon the concept of negatively regulating 
the transcription of the bacterial resistance gene by tetR protein binding to tetO DNA 
sequences. Addition of tetracycline or doxycycline causes derepression by binding to 
the (tetR) protein thereby allowing transcription to proceed. This has been achieved 
by employing a tet transactivator (tTA) which is a chimeric tetracycline-repressed 
transactivator generated by fusing carboxy terminal of tetR protein to the carboxy-ter- 
minal 127 amino acids of VP16. The tTA when bound to tetracycline is prevented 
from binding to seven copies of tetO sequences, which are juxtaposed upstream to 
a minimal human cytomegalovirus promoter thereby selectively turning off the tran- 
scription of the gene in question. Removal of tetracycline results in binding of tTA to 
the tetO sequences in the tet-inducible promoter following which the VP16 moiety of 
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tTA transactivates the target gene by promoting assembly of a transcriptional initiation 
complex thereby selectively turning on the gene expression. A recent modification of 
this system allows for selective induction of gene expression in the presence of tetracy- 
cline. In this strategy, a mutated tetR called reverse tTA (rtTA) has been generated by 
incorporating four amino acid changes into tTA thereby facilitating rtTA to bind to tetO 
sequence in the presence of tetracycline. Another variation involves fusion of tTA with 
the KRAB repressor domain of the human zinc finger protein Kox1. Upon binding to 
tetO sequences, this protein is capable of blocking transcription as far as 3kb down- 
stream (Deuschle!”). A further variation has revealed that by placing two minimal pro- 
moters in the opposite orientation on either side of the tetO sequences it is possible to 
simultaneously regulate the expression of two genes from a single plasmid (Baron!) 
Massie et al.!°* have used tet-inducible system to generate a recombinant adenoviral 
vector encoding a deletion in the R1 subunit of the herpes simplex virus type 2 ribo- 
nucleotide reductase. Topical and tetracycline inducible gene expression in transgenic 
mice carrying a gene under tet-inducible promoter has been achieved by adenovirus 
mediated gene transfer and expression of tTA (Ghersa!°>). Rubinchik et al.!°° have 
developed a tet-inducible, double recombinant adenoviral vector expressing a fusion of 
murine FasL and green fluorescent protein. In this virus the tet-responsive element and 
the transactivator element are built into the opposite ends of the same vector to avoid 
enhancer interference. The in vitro expression of FasL-GFP in various cell lines could 
be conveniently regulated by tetracycline or doxycycline in a dose dependent manner. 


3.4.2 FK506/Rapamycin-Inducible System 


Latest in the armamentarium of inducible gene expression systems are the chemi- 
cal dimerizers that rely upon drug dependent recruitment of a transactivation domain 
to a basal promoter to drive the expression of the therapeutic gene. The strategy is 
based upon generating a genetic fusion comprising of heterologous DNA-bind- 
ing domain and activation domain with the drug binding domain thereby enabling 
a bivalent drug to crosslink the two proteins and reconstitute an active transcrip- 
tion factor. This is achieved by using small cell-permeable immunosuppressive 
molecules FK506, rapamycin and cyclosporine to bind members of the immuno- 
philin family. The FK506 molecule binds tightly to the cellular protein FKBP12 
while FK1012 a synthetic dimer of FK506 causes dimerization of several chimeric 
proteins containing FKBP12 (Liang!°’). Another synthetic compound FKCsA created 
by fusion between FK506 and cyclosporine A binds with high affinity to FKBP12 
and cyclophilin and has been used for inducible transcription of exogenous genes 
(Belshaw!°8), However, the most promising results have been obtained using the het- 
erodimerizer rapamycin which binds simultaneously to the human proteins FKBP and 
FRAP (Standaert,!°? Brown!!°). In this system, transcriptional activation is achieved 
through rapamycin induced reconstitution of a transcription factor complex formed 
by coupling of (1) a unique DNA-binding domain ZFHD genetically fused to FKBP 
and (2) activation domain of the p65 subunit of nuclear factor kappa B (NFB), fused 
with the rapamycin binding domain of FRAP. This novel approach has been suc- 
cessfully utilized for stable in vivo delivery of secreted alkaline phosphate, murine 
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erythropoietin and human growth hormone using eukaryotic expression vectors, ade- 
noviral, retroviral and adeno-associated viral vectors (Magari,!!! Ye,!!? Rivera!!), 
One of the limitations of this approach is the growth inhibitory and immunosuppres- 
sive activity of rapamycin which is due to the inhibition of endogenous FRAP activ- 
ity (Brown!!). This limitation can be overcome by nonimmunosuppressive analogs 
(rapalogs) of rapamycin by incorporating mutations in the FRAP domain that accom- 
modate modified drugs (Liberles,'!* Clackson!!>). Considerable progress has also 
been made in designing novel synthetic dimerizers of ligand for human FKBP12 and 
mutated FKBP (Amara,!!6 Clackson,!!> Rollins!!’). These studies are suggestive of 
the potential utility of this novel approach for human gene therapy applications. 


3.4.3. RU 486 


Wang et al.’ have developed a novel regulated transcriptional activator consisting of a 
truncated ligand binding domain of the human progesterone receptor, the DNA-binding 
domain of yeast transcriptional activator GAL4, and a C-terminal fragment of the her- 
pes simplex VP 16 transcriptional regulator protein. This novel transcriptional activator 
binds with high affinity to the synthetic progesterone antagonist RU 486 but binds very 
poorly to progesterone. In conjunction with the target gene containing four copies of 
the consensus GAL4 binding site, the gene expression was only activated in the pres- 
ence of RU 486 (Wang,”? Wang [Wang, 1997a]). Wang [Wang, 1997b] have also devel- 
oped an inducible repressor system by substituting the KRAB transcriptional repressor 
domain for the VP16 transactivation domain. In addition to RU 486, this system can 
be activated by other synthetic progesterone antagonists at low concentration. The effi- 
cacy of this system has been demonstrated using an ex vivo transplantation approach in 
which the cells containing stably integrated chimeric regulator GLVP and a target gene 
(tyrosine hydroxylase) were grafted in rats. One of the caveats of this system is the low 
but distinctive basal activity of the GAL4 responsive promoter in the absence of RU 
486. Consequently, this system has been refined by designing a synthetic transcription 
factor which contains a 35 amino acid truncation of the progesterone receptor rather 
than the 42 amino acid truncation (Delort and Capecchi,'!*). This system exhibits two- 
fold to threefold lower basal activities as compared to the earlier version. 


4. Enhanced Control of Transgene Expression 
4.1 Safety Improvements 


Prior to initiating our clinical trial with Ad-OC-TK, we performed a distribution study 
measured TK activity in a variety of organs harvested 3 days after intravenous (IV) 
injection of Ad-CMV-TK (2x 10° pfu) or Ad-OC-TK (2 x 10° pfu) with three mice per 
group. TK enzymatic activity was detected only in the Ad-CMV-TK group (liver and 
spleen only), but not the Ad-OC-TK group. Next a comparative study in which 10 C57/ 
bl mice received one IV injection of 2x 10° pfu of Ad-OC-TK or Ad-CMV-TK and 
intraperitoneal (IP) GCV. Significant mortality with severe hepatic histopathology was 
observed in the Ad-CMV-TK/GCV group (90% mortality) while the Ad-OC-TK/GCV 
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administration did not affect survival of the treated animals (100% survival). These 
data and the above tissue distribution studies support the hypothesis that, in syngeneic 
hosts, the OC promoter is tissue specific for tumors, since Ad-OC-TK inhibits tumor 
growth as effectively as do RSV-TK and CMV-TK, but without the generalized toxic- 
ity observed with these universal promoters. These findings paralleled the formal GLP 
toxicology study in mice and our toxicology profile in our clinical trial. Others have 
demonstrated the lethal effects of both universal promoter hsv-TK viruses in mice (), 
rats (), and hepatotoxicity in humans () after intraprostatic injections. 


4.2 Potency Concerns 


The initial concern with a tumor-specific promoter is that the magnitude of the trans- 
gene expression would be decrease because of the specificity of the promoter. To 
address this issue we compared the in vivo growth inhibition associated with intral- 
esional administration of Ad-OC-TK with that of Ad-CMV-TK, using a rat osteosar- 
coma (ROS 17/2.8) subcutaneous model. Ten athymic nude mice were injected with 
1 x 10° ROS cells per site in four subcutaneous locations. After establishment of tumor 
growth at greater than 5mm diameter, Ad-CMV-TK or Ad-OC-TK was injected intral- 
esionally into 5 animals (or 20 tumors) each. After viral injection, the animals received 
IP GCV (3 mice, 12 tumors) or phosphate-buffered saline (PBS; 2 mice, 8 tumors) 
for a 2-week period. The animals received one additional adenoviral injection 7 days 
after the first. The tumors were measured weekly and the animals were sacrificed after 
the second week of GCV or PBS administration. Both Ad-OC-TK and Ad-CMV-TK 
forms of therapy demonstrated a greater growth-inhibitory effect than was observed 
with PBS administration. The growth inhibition was superior with the Ad-OC-TK 
adenovirus. Therefore, the OC promoter has high intrinsic activity rivaling that of the 
strong universal CMV promoter, at least in ROS cells. 


5. Future Directions 
5.1 Enhancement of Weak but Specific Promoters 


A wide variety of highly tissue-specific promoters have been evaluated for achiev- 
ing transcriptional targeting, however, their applicability has been hampered due to 
weak transcriptional activity. Enhancement of weak tissue-specific promoters can 
be achieved by employing several different strategies. One of the simplest approach 
involves (1) deletion of those sequences from the promoter that do not contribute to 
tissue specificity or transcriptional activity and (2) incorporating multiple copies of 
the enhancer and positive regulatory elements. This approach has been successfully 
used in the case of PSA promoter (Pang,*! tyrosinase promoter (Siders!!°!20) and 
CEA promoter (Richards!”)). 

Another approach involves generation of activating point mutations within the pro- 
moter region as has been in the case of AFP promoter (Ishikawa!?!) and the MDR 
1 promoter (Stein!??). Yet another strategy involves selective combination of multi- 
ple positive regulatory and tissue-specific elements to achieve enhancement of weak 
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promoters. This strategy has shown promising results in augmenting melanoma-spe- 
cific gene expression when tyrosinase promoter, either alone or in combination with 
single or dual, tandem melanocyte specific enhancer was used to drive the expression 
of luciferase and E. coli purine nucleoside phosphorylase gene. 

Transient expression studies indicated 5—500-fold increase in luciferase activity 
following incorporation of either single or tandem enhancer elements. In another 
example, when 5—20 muscle-specific transcriptional elements were randomly assem- 
bled and linked to minimal chicken a-actin promoter, sixfold higher activity was 
observed as compared to the CMV promoter (Li!?%). In case of adenoviral vectors it 
might be possible to selectively increase specific expression from exogenous promot- 
ers by co-expression of modified VAI genes. Using this approach, Eloit!?+ were able 
to achieve 12.5—502-fold increased reporter gene expression. The fact that activity 
of certain E2F responsive promoters in tumor cells exceeds that achieved in mitoti- 
cally active normal cells has been exploited for tumor selective transgene expression 
using an adenoviral vector in a malignant glioma model (Parr!2>). A novel approach 
involves development of dual specificity promoters that are both cell type specific 
and cell cycle regulated. In this approach the transgene is under the transcriptional 
control of an artificial heterodimeric transcription factor whose DNA-binding domain 
is expressed from a tissue-specific promoter, whereas the transactivating subunit is 
transcribed from a cell cycle regulated promoter (). The feasibility of this approach 
has been successfully tested in a transient transfection system (Jerome and Muller, !?6 
Nettelbeck!2’). 

Transcriptional targeting of viral replication for selective killing of tumor cells 
can be achieved by deletion of adenoviral E1B/55 kDa protein which is essential for 
viral replication but is dispensable in p53 deficient tumor cells. An alternate approach 
involves generation of a replication competent adenoviral vector in which E1A or ELA 
and E1B genes are under the transcriptional control of a tumor-specific promoters like 
PSA, kallikrein-2 or AFP (Rodriguez,*> Yu,!2° Hallenbeck!?’). 


5.2 Improving Specificity with Multiple Promoter Segments 


Several investigators have placed combinations of promoter sequences in tandem to 
derive more specific transgene expression. The authors of the following chapter have 
both laboratory and clinical experience with this approach and this topic is well cov- 
ered in their chapter. 


5.3 Tumor-Specific Oncolysis 


Several different approaches have been designed to achieved cancer cell specific ade- 
noviral replication and subsequent tumor lysis. Based on our previous work in the 
laboratory and the clinic, we design an adenoviral vector that would only replicate in 
cell, which could activate the OC promoter. We have recently received approval for 
OBA using the OC promoter which transcriptionally regulates adenoviral replication 
for the treatment of men with metastatic and recurrent prostate cancer. This approach 
is thoroughly reviewed in the next chapter. 
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5.4 Combined Targeting Approaches 


The two preceding chapters demonstrate elegant methods to achieve transductional 
targeting. These approaches will allow for concentration of adenovirus at metastatic 
tumor deposits after a systemic administration. In collaboration with these investigators 
we have begun to combine both transductional and transcriptional targeting to allow 
for both tumor-specific concentration and tumor-specific oncolysis. This approach 
combines many of the individual strides achieved in adenoviral gene therapy in the 
past decade and holds great promise for the future of adenoviral cancer gene therapy. 


6. Summary 


In summary, we believe that the success of gene therapy and its general applicability to 
medicine will be partially linked to the development effective transcriptional targeting 
strategies. The main purpose of this chapter was to illustrate to the reader the benefits 
of transcriptional targeting and how this approach can be used to generate tumor- 
or tissue-specific gene expression. The main example of the OC promoter was used 
because of our laboratories significant investigation in this promoter. 
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1. Introduction 


Certain applications can apply adenoviruses (Ads) by injection into a single tissue 
(i.e., vaccination into the muscle, intratumoral injection). In contrast, many diseases 
are systemic in character, so Ads need to be injected by a route that can distribute them to 
many sites in the body. Examples include treating metastatic cancer and cell-autonomous 
genetic diseases that affect all cells in the body. In other cases, tissues such as 
endothelial cells or liver hepatocytes that are in direct or near-direct contact with the 
blood are the therapeutic target. In these cases, intravascular (i.v.) virus injection is the 
most obvious and robust method to hit these targets. 

Before reaching the ultimate target cell, intravenously injected virions encounter a 
multitude of host factors and barriers that can reduce or ablate viral efficacy (reviewed 
in Ref. 1). These barriers reduce the amount of vector that can reach cells in need of 
therapy. These barriers also invite the use of increasing doses of viruses that can lead 
to significant immunologic and toxic side effects. 

First things first: there is not one Ad: There is a whole “virome” of Ads. Many 
discuss the biology of Ads as “Ad does this” and “Ad does that,’ when in reality they 
should be saying “Ad serotype 5 (Ad5) does this.” There are more than 60 human Ad 
serotypes and an even wider variety found in other species.! Across the human Ad 
“virome” there is approximately 45% genetic diversity at the genome level.*+ There- 
fore, we will try to avoid the trap of describing of extrapolating the biology of this vast 
virome of many Ads to the lessons learned for only one: Ad5. 

Adenovirus hexon proteins. Other chapters delve into the biology and structure 
of Ads. Here we will focus on a less explored protein of these viruses: the hexon. 
Many of the interactions that determine the fate of systemically delivered Ad occur 
on the surface of its icosahedron.! The bulk of the icosahedron is made up of 720 
monomers of hexon per virion. Hexon trimerizes to create a tower-like structure when 
viewed from the side (Figure 1(A)).°° Each hexon monomer has seven serotype- 
specific hypervariable regions (HVR)’ located on the surface of the hexon trimer and 
the icosahedron (Figure 1(B)).° This location allows the HVRs of hexon to interact 
with neutralizing antibodies, receptors, proteins, and cells. There are 5040 HVRs per 
icosahedron providing a complex repeating three-dimensional array as an excellent 
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Figure 1 Adenovirus hexon structure. (A) Side view of a hexon trimer. (B) View of the 
exposed surface of a hexon trimer with individual HVRs indicated. (C) Side view of a hexon 
trimer with three linear PEG molecules shown attached to the hexon surface and on HPMA 
molecule “stitched” to the surface. (D) Theoretical representation of cones of PEG shielding 
produced by gyration of these linear polymers. 


surface for the deposition of low- or high-affinity host factor proteins, for recognition 
by innate immune cell pattern recognition, and for phagocytosis. Notably, some of 
these HVRs are innately large and flexible to the extent that they are “unstructured” by 
X-ray diffraction or cryo-electron microscopy structural predictions (e.g., Ad5 hexon) 
(Fig ).> For example, in most of HVR1 is actually missing because it 
is unstructured in the X-ray reconstruction. Therefore, it is unclear how robust efforts 
to model hexon and proteins”"'! are if the largest feature on the hexon is unknown. In 
contrast, the structures of all HVRs can be more accurately assigned and modeled for 
Ads with smaller and more rigid HVRs such as Ad26 (data not shown). 

The specific sequences and size of many of the HVRs vary substantially between 
Ads across the virome and within Ad subtypes or species ( ). For example, 
archetype vector human species C Ad5 has a large 29—amino acid HVR1 with a con- 
siderable number of charged residues (1 positive and 14 negative for a net of —13). 
Another species C virus, Ad6, also has a larger, but less negative 32—amino acid HVR1 
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Figure 2 Sequence alignment of HVRs of hexons of selected Ads. The hexon regions from 
the indicated Ads were aligned by ClustalW using MacVector. A phylogenetic dendrogram is 
shown at top. On the sequence alignment, HVRs are shown boxed. At the right of the align- 
ment, number of positive and negative charged amino acids within the boxed HVRs is shown. 
A circle above the sequence indicates glutamic acid that is conserved in FX binding Ads. 


(net charge of —8). In contrast, human species B Ad11 and human species D Ad26, and 
chimpanzee AdC68 have smaller HVR1s (21, 17, and 10 amino acids, respectively) 
with markedly less charge (—4, 0, and —1 net charge, respectively). Similar charge and 
lesser size variations are observed in the other HVRs (Figure 2). It is therefore not 
surprising that a display of 5040 highly charged HVRs on the Ad nanoparticle invites 
low- and high-affinity interactions with proteins and cells. 

Adenovirus interactions with the endothelium. When a needle is used to inject 
Ads into the bloodstream, it tears through the vascular wall, damaging the endothe- 
lial layer. This activates a natural clotting cascade locally at the site of injection. In 
the high velocity of the bloodstream, the vast majority of injected virus likely avoids 
interactions with this damaged area and instead speeds downstream. Within the blood, 
though, Ads are exposed to and can be sequestered by nearly 6 x 10!3 endothelial cells 
with up to 7 m° of surface area in humans.!? This endothelial cell “sink” for Ads scales 
down to approximately 2x10!! endothelial cells with 0.025 m? of surface area in a 
25-g mouse. To put this in context, the average mouse’s liver has 10 times /ess hepato- 
cytes than the total number of endothelial cells. 13 
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Adenovirus 5 can infect endothelial cells through penton base RGD and av-integrin 
interactions.'*"!7 Adenovirus 5 can also induce frank breaches in blood vessel walls 
after high-dose injection.'® Most Ad serotypes have RGDs in their pentons, and so are 
likely also to be sequestered by these cells and provoke similar side effects. Adenovi- 
ruses can enter endothelial cells by productive infection pathways, but they can also be 
pinocytosed or phagocytosed by liver sinusoidal endothelial cells (see below). 

First interactions in the blood. After breaching the endothelium, a bolus or slow 
drip of virus is injected into the complex environment of the blood. Fifty-four percent 
of blood is plasma, 45% is red blood cells, and approximately 1% is made up of white 
blood cells.'° The good news is that most of plasma is actually water, so 50% of blood 
(i.e., the water) represents no danger to injected adenoviruses. The bad news is that the 
remaining soluble and cellular components in the blood can inactivate or profoundly 
change the virus and its pharmacokinetics (Figure 1).2°-?> Subtract water from the 
equation and Ads have a 50/50 chance to be inactivated or retargeted by blood cells or 
by soluble blood factors. 

Blood cells. Most in vitro tests of Ads with cells confront the viruses with cell 
concentrations on the order of a million cells per milliliter in an artificial medium. In 
contrast, the blood confronts these viruses with more than 50 million cells per millili- 
ter. In rank concentration order, these cells include red blood cells, platelets, and white 
blood cells at 50, 5, and 0.1 million cells per milliliter, respectively. 

Adenovirus interactions with red blood cells have been known since soon after their 
discovery.”* The fact that human Ad serotypes differentially hemagglutinate rat, mon- 
key, and other red blood cells**:”> reinforces the concept that the in vivo pharmacology 
of all Ads cannot be extrapolated from only one Ad, Ad5. For example, human species 
A Ads!!:!729 have little agglutination. Species B Ads*-7!9.!3.!5.2032,33 are completely 
agglutinated by monkey red blood cells. Benchmark species C Ads!:>56 are partially 
agglutinated by rat erythrocytes. Species D Ads®*.?:!?.!4,16,18,19,21-28,30,31,34-37.40-45 are 
completely agglutinated by rat erythrocytes.” These differences in hemagglutination 
are attributed in large part to differences in receptor binding by the different Ad sero- 
types via interactions with the Coxsackie and Ad receptor (CAR), CD46, and integ- 
rins.? These are likely mediated by high-affinity interactions with viral fiber or penton 
base proteins. However, the role of low-affinity hexon interactions or hexon-blood 
factor—-mediated interactions is likely underestimated, because these in vitro assays 
generally do not include normal plasma proteins in the mix (see below). 

Of course, these in vitro binding assays are not only adenovirus species-specific, 
they are also host species-specific. For example, archetype Ad5 vector does not bind 
or hemagglutinate mouse red blood cells, it binds strongly to rat and human red blood 
cells.!+.2”7 Indeed, when Ad5 is mixed with human blood, 98% is cell associated and 
not in the plasma fraction.’ In contrast, most Ad5 is found in the plasma in mouse 
blood.?’ Adenovirus 5 binds human neutrophils and monocytes in vitro in addition to 
red blood cells.”” 

Platelets. Platelets are small nonnucleated cells in the blood that are present at 
concentrations of approximately 10% that of red blood cells. As thrombocytes, they 
have a primary role in blood clotting at the surface of damaged endothelial surfaces. !4 
One of the toxicities associated with intravenous Ad5 use is severe thrombocytopenia, 
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which is usually acute and can be triggered even at low doses.'* Adenovirus 5 binds 
allbß3 integrins on platelets via its RGD motif in its penton base.”* This results in Ad 
and the platelets being targeted to reticuloendothelial cells with the net effect of both 
the virus and the cells being destroyed.”° This depletes therapeutic Ad5 for systemic 
distribution, but it can also provoke dangerous disseminated intravascular coagula- 
tion.*° This is our understanding for Ad5. Because most Ads display an RGD motif 
in their penton base, it is likely that many serotypes interact with platelets. In vitro 
tests of Ad—platelet interactions likely underestimate the role of hexons in these inter- 
actions, because most in vitro tests are not performed in plasma, but are instead per- 
formed in artificial media or buffers that lack factors that bind Ad hexons. 

Plasma. Plasma makes up 55% of the blood fluid. Plasma is saturated with proteins 
with average total concentrations of 100mg/ml. Many plasma proteins such as albu- 
min may actually stabilize the virus as crowding agents. However, there are a number 
of proteins in plasma that bind to Ad5, most of which interact with hexon. Below, we 
discuss these known hexon-binding proteins and the need to evade them by hexon 
engineering approaches. 

Hexon-binding proteins in the blood: neutralizing antibodies. It is well known 
that adenovirus neutralizing or binding antibodies can drastically affect the fate of 
systemically administered Ads. Adenoviruses were discovered and numbered in order 
of observation in humans, so Ads with lower numbers tend to be more commonly 
observed in patients. This means that most humans are already immune to many of 
our favorite Ads, including Ad5.*! Indeed, one could arguably not have picked a worse 
virus for use in humans than Ad5 considering that 27—100% of humans are already 
immune to the virus.*! Therefore, one goal is to recruit less seroprevalent Ads for use 
as therapeutics to avoid preexisting immunity. 

One might assume that most neutralizing antibodies bind the receptor binding fiber 
protein. In actuality, most of Ad-neutralizing antibodies actually bind hexon.*? Indeed, 
this targeting has likely driven the evolution of HVRs in hexon to avoid these anti- 
bodies. As their name suggests, the HVRs are hypervariable and define in large part 
differences between Ads in the same viral species or between serotypes (Figure 2). 

Preexisting antibodies are challenging in patients. However, each Ad therapy is 
also a “one-off” treatment as far as the immune system is concerned. Injection of 
naked Ad virions will provoke robust antibody and cellular immune responses against 
the injected viral capsid proteins and against any Ad proteins that are expressed in 
infected cells. These include preexisting neutralizing antibodies that can bind and 
inactivate the virus. These vector-induced antibodies can strongly attenuate a second 
use of the virus if the same serotype of Ad is used.*? 

One approach to evade neutralizing antibodies is to “serotype switch” the vector. 
For example, mice administered with Ad2 serotype vectors generate potent neutral- 
izing antibodies against Ad2 that drastically reduce transgene expression if Ad2 is 
used again.** However, if an Ad2 vector is used for the first round of transduction 
and then an Ad5 vector is used for the second round, there is little reduction in trans- 
duction because the Ad2-specific antibodies do not overtly neutralize this different 
serotype.** This approach has been demonstrated as a robust approach for Ad vectors 
for human immunodeficiency virus vaccines.*>~*! Another approach is to swap HVRs 
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from low-seroprevalence Ads into Ad5.*?*3 Another is to chemically or genetically 
reengineer the hexons of Ad5 or other serotypes to avoid preexisting neutralizing 
antibodies in humans. 

Hexon-binding proteins in the blood: natural antibodies. Neutralizing antibod- 
ies are an obvious confounder for systemic delivery of Ads. Less known but more 
ubiquitous are natural antibodies that exist without any prior Ad exposure.** Anti- 
bodies are known to opsonize bacterial and parasitic pathogens. However, they can 
also have a key role in macrophage-dependent clearance of foreign particles including 
Ads.*> For Ad5, these appear to be mediated by natural antibodies that are not the 
product of memory immune responses, but that are instead encoded in the germline. 
These immunoglobulin M (IgM) antibodies bind to the repetitive structure of the 720 
hexons on Ad5.*°~* This binding either retargets Ad5 to liver Kupffer cells where both 
the virus and the cells are destroyed or activates complement to further modify the 
virion surface***8 (see below). Notably, this effect is serotype-specific. If the hexon 
HVRs of Ad5 are replaced with those from another species C virus, Ad6, natural anti- 
bodies still bind the virus.*® However, unlike Ad5, the Ad6 hexon avoids recognition 
by scavenger receptors and Kupffer cells.** Therefore, it is likely that the even more 
diverse “virome” of Ad serotypes will avoid this effect. 

Hexon-reactive proteins in the blood: complement. Early work demonstrated 
that several complement proteins bind to Ad5.*9° More recently, these observations 
have been integrated with the role of natural antibodies and their effects on Ad5 phar- 
macology.*>*7! In the presence of IgM, complement can neutralize Ad5 by reducing 
the ability of the virus to bind cells.*° Natural antibodies appear to activate conver- 
sion of complement protein C3 to C3b. C3b has a reactive thioester group that cova- 
lently reacts with the Ad5 virion surface.*° Considering that the thioester group reacts 
nonspecifically with proteins, any Ad serotype that binds IgM natural antibodies will 
likely run the risk of being neutralized by C3b deposition on its hexon surface. 

Hexon-binding proteins in the blood: vitamin K-dependent blood clotting 
factors. The biology of Ad5 interactions with CAR and aß; 3.5 integrins was well 
established based on in vitro studies.°”>? Unfortunately, these interactions may have 
only a secondary role after intravenous injection of Ad5, at least when considering 
infection in the liver. When CAR-binding motifs in the Ad5 fiber and penton RGD 
ligands were knocked out in Ad5, this had relatively little effect on liver transduction 
after i.v. injection in mice.>* 

This effect was resolved in part by a body of work by several groups that determined 
that Ad5 binds vitamin K—dependent blood coagulation factors after i.v. injection.°>>’ 
It was demonstrated that clotting factors FVII, FIX, FX, and protein C, but not FXI, 
bind Ad5.°°°® Blood factor X (FX) binds with highest affinity (subnanomolar) to 
Ad5 and this binding occurs on its hexon protein.°®>’? In the presence of FX, Ad5 
efficiently transduces liver hepatocytes. In its absence, liver transduction is markedly 
reduced. Thus endogenous host ligands appear to have a more profound effect on viral 
tropism in vivo than virally encoded CAR and penton ligands that were defined in vitro. 

It was initially thought that FX binding acted as a bridge that bound the hexon and 
retargeted the virus to heparin sulfate proteoglycans on hepatocytes.°> This clearly 
occurs in vitro and Shayakhmetov’s group!”:'! still proposes that it occurs. Support 
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for this model comes from data showing that whereas FVII and FX both bind Ad5 
hexon, only FX is effective at bridging to heparin sulfate proteoglycans.!! Factor X 
can bridge because its heparin-binding protease domains are exposed, whereas FVII 
cannot because it is sequestered by dimerization on the virus surface. 

Whereas FX may enhance transduction by this mechanism, FX may influence 
in vivo Ad tropism by more complex mechanisms. Recent data suggest that FX bind- 
ing to Ad5 hexon may protect it from natural antibody and complement-mediated 
destruction at Kupffer cells.*°*7 In this model championed by Andrew Byrnes, FX 
protects i.v. injected Ad5, allowing it to reach liver hepatocytes in sufficient amounts 
to mediate detectable gene delivery.*° In the absence of FX, more Ad5 is intercepted 
by natural antibodies and complement to target the virus to macrophages for phago- 
cytic destruction. Indeed, it is speculated that FX may actually have a role as an evo- 
lutionarily evolved pathogen detection system to active innate immune responses. !° 

Not all Ad serotypes bind vitamin K-dependent blood factors.°°>’°? Therefore, 
absorption in the liver and the balance between sequestration by Kupffer cells, liver 
sinusoidal endothelial cells (LSECs), and hepatocytes for different serotypes will 
likely be different for the diverse serotypes. 

All dressed up and somewhere to go. Most Ads are likely rapidly bound by solu- 
ble factors and cells soon after injection into the bloodstream. Most interactions with 
cells likely occur by binding to fiber and penton base proteins. Lower-affinity hexon 
or FX-hexon bridging interactions may also occur with cells, but this may be less 
likely in the high shear of the bloodstream under physiologic conditions. Whereas 
fiber and CAR dominate cellular interactions in the blood, the multivalent patterned 
array of 720 copies of the hexon appears to be an attractive scaffold for binding by a 
number of soluble proteins in the blood. Adenovirus 5 and other Ad serotypes are likely 
decorated with a mosaic of antibodies, FX, and perhaps complement soon after 
i.v. administration. The degree and balance of factors binding these viruses likely 
determine their pharmacokinetics and ultimate fate: either reaching the intended ther- 
apeutic target or being destroyed by the natural protective process of the body. Adeno- 
virus 5 and other viruses can be sequestered by the lung, kidney, and spleen. However, 
this chapter focuses on their sequestration by the liver and engineering efforts to avoid this. 

The liver as a pharmacologic “sink” for systemic Ads. As researchers geared up 
to hit systemic targets, we fantasized that we could add novel receptor moieties to the 
fiber or penton base proteins and have the vectors “target” any cell in the body. Indeed, 
these retargeted vectors worked well in tissue culture dishes but almost always failed 
in vivo after i.v. injection. 

Insight into this problem was gained as a number of groups began studying the 
pharmacology of these 150-MDa “drugs”. In mice, approximately 98% of systemi- 
cally delivered Ad5 is absorbed by the liver.°° If one is targeting the liver, innate Ad5 
pharmacology highly supports this therapeutic goal. However, if one aims to hit nearly 
any other cell in the body, the liver represents a dramatic pharmacologic dead end for 
Ad5 and likely most Ads (Figure 3). We focus below on the liver as a dead end for Ads, 
but stipulate that Ads are also absorbed by other tissues. 

It was observed that injecting increasing amounts of Ad5 did not translate into linear 
increases in liver transduction.°! When doses were increased, a certain threshold could 
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Figure 3 Diagram of interactions of Ad with cells in the liver. 


be reached in which transduction became linear with Ad5 dose. This so-called “thresh- 
old effect” is a saturable phenomenon and varies in different mouse strains.*74°.° 

Kupffer cells. Any cell in the liver could formally be involved in absorbing Ads 
from the blood. Approximately 65% of the liver is made up of hepatocytes, 25% endo- 
thelial cells, and 7% Kupffer cells; stellate and other cells make up the rest (Figure 3).!? 
Whereas all of these cells can act as pharmacologic “sinks” for Ads, liver Kupffer 
cells were one of the most likely candidates for Ad5 absorption. Kupffer cells are the 
resident macrophage in the liver.°> These phagocytic cells line the lumen of the sinu- 
soids that carry blood into the parenchyma of the liver, where they serve as sentinels to 
remove particulates from the blood stream including viral particles (Figure 3). Kupffer 
cell can phagocytose particles up to 2 um in diameter, so about 100-nm Ad particles 
are well within their capacity. 

A role for liver Kupffer cells has been shown in several studies. Liver transduction 
at doses below the threshold can be amplified up to 100-fold by “‘predosing”, in which 
an irrelevant Ad or another particulate reagent such as GdCl, clodronate liposomes, 
or polyinosinic acid is injected hours before therapeutic virus injection.??.°’ This 
predosing destroys or inactivates liver Kupffer cells, allowing transduction to occur 
in a linear dose-dependent fashion. Adenosine 5 or other serotypes do not appear to 
transduce Kupffer cells efficiently compared with hepatocytes, although low-level 
gene delivery can be observed. Instead, Ad5 and Kupffer cells engage in the biological 
equivalent of mutually assured destruction, because bulk Ad entry and viral uncoat- 
ing kills Kupffer cells within 10min of Ad5 uptake. These aggregates of partially 
uncoated Ad and dying Kupffer cells fragment and detach from the liver vascula- 
ture and these fragments lodge in the lung, where they may exacerbate systemic side 
effects. 

Liver sinusoidal endothelial cells. Studies in wild-type and scavenger receptor 
knockout mice demonstrate the role of Kupffer cells in Ad5 destruction; however, 
studies also suggest that there are redundant mechanisms for Ad removal from the 
systemic circulation.'° A second layer of Ad sequestration occurs in the larger number 
of LSECs (Figure 3). Liver sinusoidal endothelial cells can pinocytose particles less 
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than 0.23 um in diameter, allowing uptake of Ad virions.® Because pinocytosis is 
receptor independent, LSECs can likely sequester many Ad serotypes regardless of 
their receptor specificity. Liver sinusoidal endothelial cells also express scavenger 
receptors, allowing a second mechanism of potentially destructive sequestration. In 
addition, Ad5 and many Ad serotypes also appear able to infect or transduce endothe- 
lial cells by normal infection routes that may not be overtly destructive to the virus, 
but may damage the endothelium.!® From a mass-action standpoint, there are three to 
four times as many LSECs as Kupffer cells, so even less efficient uptake by these cells 
may significantly alter the fate of systemically administered Ads. 

Hepatocytes. Once Ads evade antibodies, complement, blood cells, Kupffer cells, 
and LSECs, they can then be absorbed by hepatocytes if the virus can extravasate 
through fenestrae in the endothelial wall of the liver sinusoids (Figure 3). There are 
approximately 10 times as many hepatocytes as Kupffer cells, so this cell “sink” in the 
liver for Ads is substantial. After being protected by FX, the virally encoded receptor 
binding ligands on fiber and CAR (or other Ad receptors) can now come into play, 
likely by mechanisms that were originally defined in vitro. If FX protection is not 
effective or if natural antibodies and complement are not evaded, the receptor binding 
lessons learned in tissue culture are largely irrelevant. 

This balance between Kupffer cell destruction and hepatocyte infection is best 
reflected in species C Ads including Ad1, 2, 5, and 6. Although many assume that 
these highly related viruses behave identically, in reality their ability to transduce 
hepatocytes varies over two orders of magnitude, with prototype Ad2 being the worst 
and less studied Ad6 being the best.”? Archetype Ad5 is good at liver transduction but 
Ad6 is actually three times better. All four of these viruses bind FX, so this is not the 
source of variation. Instead, Ad6 appears better primarily owing to its innate ability to 
avoid Kupffer cells.“ This effect is seated solely in the Ad6 hexon as replacement of 
Ad5’s HVRs with those from Ad6 transfers Kupffer cell evasion and increased liver 
transduction.*? Therefore, CAR, integrin, and other receptor binding functions that are 
encoded by the virus appear as a result of blood factor binding effects, at least for spe- 
cies C Ads. Binding of natural antibodies and complement to Ads increases absorption 
of these viruses by Kupffer cells and perhaps LSECs. Conversely, FX binding to Ads 
can protect them from natural antibodies and complement. 

More than half of Ad serotypes do not bind FX, so some could experience more 
Kupffer cell sequestration than FX binding viruses. This suggests other Ad serotypes 
may play by a different set of rules than species C human Ads. For example, wild-type 
replication-competent adenoviruses including species B Ad11 and 35 and species 
D Ad26 and 48 do not bind FX, they cause markedly lower liver damage than Ad5, and 
they do not predose Kupffer cells’! (data not shown). Consistent with this, replace- 
ment of the HVRs of Ad5 in a replication-defective vector with those from Ad48 
produces a virus with reduced hepatocyte transduction and lower uptake in Kupffer 
cells (KCs).’? However, this Ad5/48 mosaic vector triggers strong proinflammation in 
the liver, which provokes rapid liver damage, even at relatively low doses of vector. In 
contrast, replication-defective Ad48 did not elevate transaminases or induce inflam- 
mation.” These data suggest that different serotypes interact with liver cells in varied 
ways. Therefore, extrapolating Ad5 lessons to all Ads is a mistake. These data also 
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suggest that combining features from different serotypes may improve systemic func- 
tions (i.e., Ad5 with Ad6 hexon) or increase side effects (i.e., Ad5 with Ad48 hexon). 

Strategies to detarget the liver for systemic therapy. Three cells in the liver 
appear to be the primary pharmacologic sinks for Ads after intravenous injection: 
Kupffer cells, LSECs, and hepatocytes. Below, we discuss select engineering efforts 
to reduce uptake into these cells. 

Pharmacological engineering. Some of the earliest and sometimes most effective 
approaches involve not reengineering Ads, but reengineering the host with drugs or 
agents. 

Pharmacologic elimination of cells. One approach is to eliminate problematic 
cells. This approach is feasible for Kupffer cells, because they do not serve a funda- 
mental functional role in the liver. Eliminating LSECs or hepatocytes is, of course, 
not feasible, because removing either would have lethal consequences. Kupffer cells 
can be removed most simply by predosing with an Ad that kills these cells 4h before 
injecting a therapeutic dose of another Ad.?? Nonadenovirus predosing agents 
include GdCl, and clodronate liposomes.6573-74 Whereas predosing strategies can 
improve systemic therapy, destruction of these proinflammatory phagocytic cells can 
also increase potentially dangerous inflammatory responses. These can also provoke 
strong side effects after Kupffer cell fragments and their predosing agents lodge in the 
lung and elsewhere.68-69.75 

Pharmacologic inhibition of recognition by cells. Phagocytosis by Kupffer cells 
and/or LSECs can be blocked by polyinosinic acid®-*’ or with antibodies that block 
scavenger receptors.’° Integrin-mediated Ad uptake into LSECs or hepatocytes can be 
blocked by RGD peptides or RGD-containing proteins.” Coxsackie and Ad receptor 
or CD46-mediated uptake into hepatocytes can be performed by blocking these with 
free knob proteins or blocking antibodies.” This approach would obviously be prob- 
lematic if the therapeutic Ad still relies using these interactions to infect target cells. 

Pharmacologic elimination of bridging proteins. Natural antibodies enhance 
phagocytosis of Ads by targeting them to Kupffer cells and perhaps other cells. Elim- 
inating these in animals is feasible primarily by use of immunodeficient mice such as 
SCID or Rag mice that lack all immunoglobulins or that lack IgM.*>~*8! It may be 
feasible to reduce levels of natural antibodies in humans by strategies used to treat 
IgM monoclonal gammopathy of undetermined significance that include steroids and 
plasmapheresis. Alternately, antibodies such as rituximab that target CD20 on B cells 
may deplete these B cells.’? Complement C3b covalently reacts with the Ad5 virion 
surface.*° Whereas C3 can be blocked with agents such as cobra venom factor,*° the 
cost-benefit of such an intervention would have to be exceptional. The development 
of more specific complement inhibitors may have better utility. 

By far, the most success in this category has been to eliminate FX and vitamin 
K-dependent clotting factors to reduce hepatocyte infection in animals.?*>* Although this 
can be effective in mice, the doses of warfarin used are orders of magnitude higher 
than are used in humans to reduce clotting after heart attack. Considering this and the 
fact that warfarin is also the active ingredient in mouse poisons, warfarin will likely 
not be a first choice to reduce hepatocyte infection by FX-binding Ads. In addition, 
warfarin was originally thought to act by blocking FX retargeting of Ad to heparin 
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sulfate proteoglycans on hepatocytes. Considering that FX may instead simply protect 
Ads from natural antibody-mediated destruction in Kupffer cells,*° warfarin may sim- 
ply increase Kupffer cell destruction and death and may increase side effects. 

Combining Kupffer cell and hepatocyte pharmacologic detargeting. Based on 
these results, we tested whether detargeting Kupffer cells or hepatocytes was more 
important during systemic oncolytic therapy in a real therapeutic model.?” When pre- 
dosing or warfarin was used alone for i.v. injection of oncolytic Ad5, each had the 
desired individual pharmacologic effect, but neither alone augmented the ability to kill 
distant tumors. Instead, if the two were combined, this enhanced oncolytic efficacy 
after a single round of i.v. therapy in mice bearing human tumors.?” Avoiding just one 
cell in the liver was not sufficient for systemic therapy. Instead, one needed to avoid 
both Kupffer cells and hepatocytes. Unfortunately, we did not have the tools to avoid 
LSECs, but subsequent work by Shayakhmetov’s group showed that these, too, repre- 
sent a significant pharmacologic dead end for Ads.!° 

Chemical engineering of Ads. There is a good body of data for the use of chem- 
ical modification of Ad5 to reduce binding of neutralizing antibodies, blood factors, 
and complement to the virion. In most cases, these approaches have been tested with 
archetype Ad5,°3-©.80-95 but other serotypes such as Ad6 have been tested.°° 

Semirandom polymer modification of Ads. In most examples, either polyeth- 
ylene glycol (PEG) or N-(2-hydroxypropyl)methacrylamide (HPMA) has been cova- 
lently attached to the surface of Ad5.33-60:80-95 In most cases, these polymers react with 
primary amines. For Ads, this usually translates into nearly random alkylation of the 
virus on exposed lysine residues. Polyethylene glycol is generally a linear polymer 
with one reactive group on one end and so forms a “hairy” surface on hexon (gray 
strands projecting from hexon) (Figure 1(C)). N-(2-Hydroxypropyl)methacrylamide 
has multiple reactive groups along its polymer length allowing it to conjugate at sev- 
eral sites on hexon to form polymer “stitches” (wavy strand on hexon) (Figure 1(C)). 

When 5 kDa PEG is used, this translates into covalent attachment of approximately 
15,000 PEGs to the virion surface.°! This profoundly reduces in vitro transduction by 
Ad5, but surprisingly does not reduce liver transduction in mice.?! Use of larger PEGs 
can block liver transduction,?’°* likely by preventing extravasation through liver 
fenestrae (Figure 3). However, this can be highly variable in different mouse strains 
and with different sources of PEG. 

Any lysine on any exposed capsomer can be attacked by PEG under these condi- 
tions. Penton base and its RGD motif are largely unaffected by PEGylation.?! Lysines 
on the extended Ad5 fiber are directly PEGylated and these conjugation events ablate 
CAR binding.*®.°! This is consistent with observations that PEGylation markedly 
reduces Ad5 in vitro transduction. 

Considering that there are 36 fibers, 60 penton bases, and 720 hexons per virion, the 
vast majority of covalent modification does not occur on fiber or penton, but instead 
targets the surface of hexon. Coating Ad with HPMA prevents binding of blood FX to 
Ad hexon and binding to erythrocytes.” In contrast, 5kDa PEGylation does not ablate 
FX binding to Ad5.'* Although one would expect PEGylation to block this, this failure is 
ironically likely related to the ability of PEG to “shield” the virion surface. Covalent con- 
jugation of 5kDa PEG to hexon results in the attachment of a string-like, 35-nm linear 
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polymer to the icosahedron surface (green strands, Figure 1(C)). To put this in context, 
each 5-kDa PEG is about the same length as Ad5 fiber itself. Once PEG is attached, it 
“shields” this site from interactions with proteins as desired. However, this PEG will 
also shield the hexon from further reactions with other PEG molecules (gray cones of 
shielding, Figure 1(D)). Therefore, as each PEG is covalently attached, it likely creates 
a “shadow” in which other PEGs cannot react and protect adjacent amino acids or sur- 
faces. If so, long 35-nm PEG molecules may not be able to reach the hexon surface, but 
smaller, more globular, 4x9 nm FX may still be able to bind. Therefore, linear PEG may 
still allow FX binding, whereas more complex HPMA may not, for better or for worse. 

In contrast, IgM natural antibodies weigh in at 970 kDa, or more than 15 times the 
mass of FX. Immunoglobulin Ms are also 31 nm,! which makes them nearly as wide 
as Ad5 fiber is long. One might predict that only one IgM might be able to bind one 
facet of Ad. If so, even spare PEGylation of the hexon surface might block natural 
antibodies but not smaller FX. This is consistent with the fact that random PEGyla- 
tion of Ad5 reduces its uptake by Kupffer cells, but retains liver transduction. This is 
also consistent with observations that 5kDa PEG blocks C3a complement activation 
in vitro and in vivo.>! 

Integrating these data on detargeting the liver, random PEGylation inhibits binding 
by scavenger receptors, reduces uptake of Ad5 by phagocytic cells, and detargets Ad5 
from liver Kupffer cells.?!:°7:!°! Random PEGylation also blocks uptake of Ad5 by 
SREC, the endothelial cell scavenger receptor,!°! and reduces Ad5 binding and activa- 
tion of endothelial cells in vitro and in vivo.'* Finally, random PEGylation generally 
preserves hepatocyte transduction unless very large PEG conjugates are used.?!-97.98.101 

N-(2-Hydroxypropyl)methacrylamide likely blocks uptake of Ad by all of these 
liver cells.°?°° However, HPMA also appears to block CAR binding like PEG.” This 
combined with blocking FX binding produces a virus with little ability to infect any 
cell, liver or otherwise. This is a disadvantage for applications in which you would like 
the vector to use native Ad transduction. Conversely, this can be used as an advantage to 
detarget Ad5 and retarget it with peptide ligands with HPMA” or with PEG.**:88:102,103 

All of these data make chemical engineering of Ads sound promising, but nothing 
is perfect. It is true that randomly PEGylated Ads are still able to transduce cells 
for vaccine, gene therapy, and oncolytic applications using native Ad5 receptor bind- 
ing or FX-mediated transduction. !49!-97:98.104.105 However, loss of CAR binding after 
PEGylation blunts the level of gene-based vaccination with Ad5.!°° When PEGylated 
Ad5 was tested as a systemic oncolytic virus against lymph node carcinoma of pros- 
tate (LNCaP) human prostate tumors in immunodeficient mice, the PEGylated virus 
had equal efficacy as unmodified Ad5.°° However, LNCaP tumors are relatively easy 
to cure with Ad5. In contrast, in our more recent studies against harder-to-cure DU145 
human prostate tumors in mice, PEGylation markedly reduced Ad5 efficacy after sin- 
gle i.v. injection.!°° PEGylated Ads were also less effective after single i.v. injection 
against HAK tumors in immunocompetent hamsters. These data suggest that loss of 
receptor binding and/or FX bridging by random polymer modification may reduce 
vector efficacy in more stringent therapeutic systems or in humans. 

Retargeting Ad by genetic engineering of hexon and other capsomers. David 
Curiel’s group led many early explorations of displaying cell targeting ligands on 
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different Ad5 capsomer proteins including fiber, IX, hexon, and IIa.!°7-!!° For hexon, 
to our knowledge, the earliest retargeting effort involved insertion of the archetype 
ligand RGD into Ad5 HVRS.!!! This was formally not a “re” targeting approach, but 
really just improved display of the ligand, because Ad5 already has RGD on its penton 
base. In this work, the authors demonstrated that RGD display on hexon increased 
Ad5 transduction on certain cells. After this, Curiel’s group inserted a His6 tag into 
HVR2, HVR3, HVR5, HVR6, and HVR7 of Ad5.! This work showed that His6 
could be tolerated in these HVRs by the virus, but that only HVR2 and 5 were dis- 
played sufficiently to bind anti-His6 antibody. Unfortunately, when these His6-dis- 
playing viruses were tested for retargeting to an artificial anti-His6 receptor on cells, 
none of the HVRs displaying vectors worked.! This called into question whether 
hexon was a viable display scaffold for high-affinity cell targeting ligands. Although 
RGD worked, it is small and relatively low-affinity, and perhaps a special case. 

To explore this question, our group used metabolic biotinylation!!?-''* to deter- 
mine how well different Ad capsomers could display ligands and how different ligands 
behave on each capsomers. Metabolic biotinylation takes advantage of endogenous 
mammalian or co-expressed bacterial biotin ligase enzymes to covalently biotinylated 
biotin acceptor peptides (BAPs).!!2-!!+ Biotin is an appealing tag because avidin 
can be used to bridge two biotinylated moieties with the strongest affinity known 
in nature: 10-!5M or one-quarter the strength of a carbon-carbon covalent bond. To 
test this for Ad targeting, we inserted BAPs into fiber, IX, and the HVR5 of hexon of 
replication-defective Ad5.!!>—!!8 As these viruses are produced, the endogenous biotin 
ligase in 293 cells covalently biotinylates the tagged capsomer. After purification, we 
showed that the BAPs on fiber, IX, and hexon are all accessible on the surface of the 
virion and could be bound by avidin.!!>-!!8 

Adenovirus 5—fiber—BAP was efficiently retargeted by avidin bridging with a wide 
array of biotinylated ligands including oligonucleotides, carbohydrates, proteins, tox- 
ins, and a variety of monoclonal antibodies.!!°-!!° Adenovirus—fiber-BAP mediated 
40- to 60-fold increases in transduction in vitro. In contrast, the same ligands on Ad5— 
IX-BAP increased transduction twofold at best. On Ad5—hexon—BAP these same 
ligands increased transduction at most sixfold.!!7!!8 

We expected that displaying 720 or 240 ligands on hexon and IX would be bet- 
ter than displaying only 36 on fiber, so these results were surprising. It is possible 
that engaging too many receptors at the cell surface via 240 or 720 capsomers may 
inhibit the ability of the virus to be internalized or may lead it down an unproduc- 
tive entry path. Alternately, this failure may result from the use of high-affinity rather 
than low-affinity ligands. With these high-affinity ligands, IX and hexon—BAP vectors 
appear to become trapped on the targeted receptors in endosomes or on the cells sur- 
face and be unable to proceed to the nucleus.!!” We speculate that this failure reflects 
the biology of the capsomers. Fiber is shed from virions in the endosome, so the virion 
releases any ligand bound to any targeted receptor. In contrast, IX and hexon remain 
associated until reaching the nuclear membrane. Therefore, a high-affinity ligand 
linked to IX or hexon has no way to release its receptor or the virion, and so may 
become trapped on the receptor in endosomes. These endosomes may recycle to the 
cell surface along with the virus. 
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Inserting RGD into hexon may avoid some of these problems because this is a 
small ligand whose affinity may well be low when displayed in HVRS. Therefore, it 
can function by avidity, but can also be more readily released from receptors in the 
endosome during acidification after entry. Therefore, we believe that IX and hexon can 
be useful retargeting platforms, but that they may work only with low-affinity ligands 
or ligands that can release receptors. A case in point can be seen in the use of transfer- 
rin as a ligand. Transferrin is unique in that it naturally releases its receptor after acid- 
ification in endosomes. For Ad5-IX—BAP, we demonstrated that most ligands failed, 
but that the only ligand that worked well was transferrin.'!” It is likely that transferrin 
has become one of the most popular ligands for genetic-chemical targeting with IX 
and hexon-modified vectors because of this novel ligand-receptor biology.?”:!”° There- 
fore, we predict that low-affinity ligands and ligands that can release receptors may 
be most effective for hexon retargeting efforts. More recent proof of principle for this 
has been provided by insertion of a transforming growth factor-B receptor targeting 
peptide in the Ad5 hexon for pancreatic cancer. !?! 

Retargeting Ad by engineering hexon binding partners. A number of groups 
have applied bridging strategies using a fiber binding protein fused to cell targeting 
ligands (reviewed in Ref. 1,122,123). Similar efforts for hexon have lagged because of 
the lack of binding partners. Our group made use of the subnanomolar affinity of FX 
for hexon to retarget oncolytic Ad5.!2+ We fused the y-glutamic acid (GLA) domain 
of FX that binds Ad5 hexon to a series of single-chain (ScFv) monoclonal antibodies 
that target different cellular receptors. We showed in vitro that GLA-anti-Her-2 or 
anti-EGFR could bind to hexon and functionally retarget Ad5 to increase infection 
of breast and ovarian cancer cells.!’* We also showed that GLA-anti-ABCG2 could 
target this stem cell receptor. Finally, we showed in vivo in mice that GLA-anti-EGFR 
ScFv could be expressed from oncolytic Ad5 to increase infection of peritoneal and 
subcutaneous ovarian tumors by Ad5, and that this increased oncolytic efficacy. !** 

While retargeting with GLA worked, we had hoped that binding GLA to hexon 
would also detarget hepatocytes. Unfortunately it did not. At the time, the field 
believed that FX was acting as a bridging molecule to retarget Ad5 to heparin sulfate 
proteoglycans on hepatocytes. It was thought that GLA bound Ad5 and the protease 
domain of FX bound hepatocytes. We therefore expected that blocking this interaction 
with GLA-ScFv would block bridging and hepatocyte infection. In the current model 
in which FX is not bridging, but is instead protecting Ad5 from IgM and complement, 
it is possible that our GLA-ScFv may also protect the virion while allowing efficient 
hepatocyte infection or that FX may simply outcompete GLA-ScFv on the surface. 
Regardless, our bridging strategy failed to detarget Ad5 from the liver. 

Detargeting Ad by genetic engineering. Some of the off-target infection by Ads 
is mediated by interactions of virally encoded ligands. One approach to avoiding 
these interactions is to genetically delete these ligands from the virus to detarget these 
interactions. Examples include mutating fiber to ablate CAR or CD46 binding>*:!25.!76 
and mutating penton base to block integrin binding.5*!?7-128 Early work knocking out 
CAR and integrin binding had modest effects on Ad5 tropism in the liver. Subsequent 
work by Shayakhmetov’s group showed that one must detarget all three cells in the 
liver: Kupffer cells, LSECs, and hepatocytes.!° This work combined pharmacologic 
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detargeting with the use of an RGD-deleted Ad. This RGD deletion was critical to 
detargeting LSECs. Although this may detarget LSEC, most retargeted Ads do not 
function without using the integrin entry pathway, so RGD deletion may not be viable 
for retargeting unless you can provide an alternate entry receptor. Put another way, the 
ultimate detargeted vector may simply be dead. 

Detargeting hexon by peptide insertion into hexon. These efforts target rela- 
tively high-affinity ligands on fiber and penton. It is generally thought that hexon is 
not involved in direct cell receptor binding, but this is likely inaccurate because even 
low-affinity interactions can become important when multiplied by 720 copies of a 
protein as a binding surface. Consider again that Ads can have a considerable concen- 
tration of charged amino acids concentrated on their surface-exposed HVRs (Figure 2). 
It is therefore likely that 720 low-affinity interactions on hexon may compete with 36 
high-affinity interactions on fiber. This suggests that hexon interactions likely have 
a bigger role than may be currently appreciated and that these will vary among Ad 
serotypes. 

The first demonstration of genetic engineering to detarget Ad5 from hepatocytes 
was actually a byproduct of the first efforts to retarget Ad by inserting RGD into 
hexon.!!! When this RGD vector was tested by i.v. injection, it mediated markedly less 
Ad liver transduction by reducing interactions with FX.°? This work also showed that 
substituting other GA repeat peptides or the HVRs from Ad?2, 19, and 30 also reduced 
liver transduction. These were great observations helping the field consider trying to 
detarget hepatocytes by genetic engineering. 

After we heard of liver detargeting by HVR5-RGD, we wondered whether our hexon— 
BAP virus might also be detargeted. Whereas the RGD virus had an 11—amino acid 
insertion into HVRS, the BAP insertion is relatively huge, weighing in at 8kDa.!!°!'8 
Shayakhmetov’s group showed that the BAP in HVR5 reduced FX binding 10,000-fold 
and strongly detargeted liver hepatocytes.°° To test this in a therapeutic application, 
we inserted the BAP into HVR5 of oncolytic Ad5.!?° We found that liver infection by 
this replication-competent Ad5—hexon—BAP was four orders of magnitude lower than 
Ad5. This detargeting decreased liver damage and allowed 10-fold higher doses of the 
hexon—BAP oncolytic to be injected i.v. than Ad5. Adenovirus—hexon—BAP had equal 
efficacy against Hep3B hepatocellular carcinoma tumor-bearing nude mice after i.v. 
injection, but had markedly lower toxicity.’ These data provided first proof of princi- 
ple for the use of genetic detargeting of hexon in a real therapeutic model. 

Swapping and mutating HVRs in hexons to block FX binding. In parallel to the 
hexon—BAP work, Andrew Baker’s group genetically modified Ad5 hexon replacing 
its HVR5 or HVR7 with HVRs from non-FX binding Ad26 or by mutating selected 
amino acids.’ Replacement or point mutations in Ad5 HVR5 reduced FX binding 
partially. Hypervariable region 7 replacement or point mutations reduced FX binding 
and FX-mediated transduction, but the single-point mutant in HVR7 E451Q did not 
entirely abolish FX binding. Compound mutations were needed. 

Andrew Baker’s group next replaced the Ad5 hexon HVRs with those from Ad48.7? 
Adenovirus 48 does not bind FX, so this modification was expected to detarget the 
liver. When this virus was injected i.v., it did indeed have low liver transduction. This 
was accompanied by increased uptake into Kupffer cells, increased inflammation, and 
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increased IL-6 responses”? like Ad—hexon—-BAP. This lends further support to a model 
in which FX binding to Ad5 hexon reduces its destruction in Kupffer cells. They fol- 
lowed this with a reciprocal hexon swap by introducing Ad5 HVRs into non—FX-binding 
Ad26.!°° They showed that incorporation of HVR 1, 2, 3, 5, 6, and 7 from Ad5 into Ad26 
made this virus an FX binder and sensitized it to natural antibodies. Addition of Ad5 
HVRs to Ad26 increased hepatocyte transduction, which was abrogated by FX depletion. 

Much of the thinking was that FX was redirecting Ad5 to hepatocytes by retar- 
geting it to heparin sulfate proteoglycans. In Andrew Byrnes’ model, FX protects 
Ad5 from IgM and complement.*® One can interpret the results with RGD and BAP 
viruses because these insertions in hexon may simply block FX binding and Ad5 is 
now unprotected from IgM and complement. Consistent with this, Ad5—hexon—BAP 
drove 10-fold increases in IL-6 responses compared with Ad5.!29 

Later work by Shayakhmetov’s group tested mutating residues 423—425 (TET) in 
Ad5 hexon. They showed that the mutant T425A entirely blocked FX binding and 
markedly reduce hepatocyte transduction.!° They also showed that this point mutant 
generated markedly reduced systemic and splenic inflammatory responses. They argue 
that FX should be thought of as an innate immune response sensor and suggested a 
more complex and divergent mechanism for how Ad5 interacts with Kupffer cells, 
macrophages, and FX. 

One question is, if RGD and BAP block FX binding to hexon, why do they not 
also block natural antibodies? It could be that FX and natural antibodies bind different 
specific sites on hexon. We hypothesize that FX and natural antibody IgM actually 
do not bind in specific sites, but instead engage in less specific charge—charge inter- 
actions. This seems possible, because the GLA domain of FX is simply a surface that 
displays 6 to 12 Ca?* molecules, which it uses to bind negatively charged head groups 
on membranes, not specific receptors.!?! Likewise, natural antibody IgMs do not bind 
specific sites, but instead bind repeating structures such as nucleic acids, phospholip- 
ids, carbohydrates, and viral capsids. !°2!33 

Although there have been efforts to model these interactions,?—!! it is unclear how 
accurate any molecular modeling can be when the largest and most charged HVR 
(HVR1) is unstructured and excluded from any of these calculations. In contrast, 
non-FX binding Ads such as Ad26 and 48 have hexons with small HVR1s. This sug- 
gests to us that much of the action for FX and natural antibody binding may involve 
HVRI1 domains perhaps in concert with HVR5 or 7. Alternately, the charge on HVR1 
may act as a landing platform for the Gla domain of FX and then allow it to shift into 
a higher-affinity lock-and-key interaction. However, it is undeniable that small-point 
mutations can block FX binding.?-'! Whether they do this by a direct lock-and-key 
mechanism as has been suggested remains to be determined. Large insertions in the 
right place(s) or whole HVR swaps may do the trick. 

Swapping and mutating HVRs in hexons that retain FX binding but detarget 
Kupffer cells and macrophages. In most of these engineering cases, FX binding and 
Kupffer cell destruction are reciprocal. Factor X protects Ad5 from IgM and Kupffer 
destruction. Remove FX binding by HVR swap or RGD or BAP insertion and the 
virus becomes destroyed in Kupffer cells. There is one exception to this effect that we 
observed with species C Ad6. As mentioned above, Ad6 is more efficient than Ad5 for 
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liver transduction and as a systemic oncolytic in mice and hamsters.*?-48-70-7!:!34 This 
improved efficacy appears to be related to the ability of Ad6 hexon to evade scavenger 
receptors and IgM-mediated destruction in Kupffer cells.*°+8 This change in pharma- 
cology is seated in the Ad6 HVRs, because replacement of Ad5’s HVRs with Ad6’s 
transfers this phenotype to Ad5.*3 

In contrast to HVR swaps between Ad5 and Ad26 and 48, where FX binding was 
inversely related to destruction in Kupffer cells, these two effects are detached in 
Ad5 and Ad6 hexon chimeras. Adenovirus 6 still binds FX, but actually with 10-fold 
lower affinity.*? It still binds IgM, yet it evades Kupffer cell destruction. This effect is 
most notable in BALB/c mice that have highest levels of IgMs and is hard to observe 
in other mouse strains with less immunoglobulin.** Rather than reducing liver trans- 
duction, the Ad6 hexon actually increased gene delivery by Ad5. In this case, Ad6 
hexon still binds FX and IgM but evades recognition by scavenger receptors and 
Kupffer cells by an as yet undetermined mechanism. This suggests that FX biology 
and Kupffer cell targeting are separable phenotypes and that one may be able to 
detarget these events separately. 

Targeted genetic-chemical modification of Ads. In the chemical engineering sec- 
tion above, PEG and HPMA polymers were reacted randomly with primary amines on 
the Ad surface. This can result in knockout of useful functions (such as CAR binding). 
This can also result in overmodification (the ultimate detargeted vector is actually 
totally inactive and worthless). An alternate approach to random modification is tar- 
geted polymer modification by “genetic and chemical” engineering.°” This approach 
makes use of the fact that Ad5 has few exposed cysteines on its surface and one can 
purchase maleimide-activated PEG molecules that react relatively specifically with 
these cysteines. Cysteines are genetically introduced into an exposed site on an Ad 
capsomer and this site can be conjugated with any maleimide-reactive moiety.2”:!0!:!35 

For Ad5, this approach was first applied to insert a cysteine in its fiber”? and later 
in the HVR5 of its hexon protein.!°° When HVR5 was conjugated to maleimide—5- 
kDa PEG, targeted PEGylation did not reduce in vitro virus transduction in contrast 
to random PEGylation. This HVR-targeted PEG also this blocked FX binding and 
decreased transduction of hepatocytes. We followed this work by introducing cyste- 
ines separately into each of the seven HVRs of Ad5 hexon to mutate them condition- 
ally and evaluate their role in Ad biology.!°! We showed that targeted PEGylation of 
any HVR did not did not reduce CAR-mediated transduction in vitro, in marked con- 
trast to the negative effects of random PEGylation. Targeted PEGylation of all tested 
HVRs reduced recognition by scavenger receptor SRA-II that is expressed on Kupffer 
cells. In contrast, only PEGylation of HVRs 1, 3, and 7 reduced recognition by the 
endothelial cell scavenger receptor SREC. Modification of HVR2 and 6 did not.!°! 
When tested in vivo after i.v. injection in mice, targeted PEGylation of HVRs 1, 2, 5, 
and 7 increased liver transduction up to 20-fold after i.v. injection.!°! PEGylation of 
HVR3 and 4 had no increases. These data suggest that HVR1, 2,5, and 7 of Ad5 may 
be involved in Kupffer cell and perhaps LSEC recognition and subsequent destruction. 
This suggests again that FX and IgM binding are separable events. 

These data demonstrate that this conditional genetic-chemical mutation strategy 
is a useful tool to investigate the interactions of Ads with host tissues. Although our 
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work suggests that conditional mutation of HVRs 1, 2, 5, and 7 with and without PEG 
still allows FX to bind but detarget Kupffer cells, we have to remember that large 
5-kDa PEG molecules do not saturate every surface. Therefore, the large PEGs may 
be a blunt tool to probe these interactions. Indeed, when one labels Ad5 with smaller 
chemical moieties such as the fluorophore IR800,!37 one can drastically reduce liver 
gene delivery without affecting liver sequestration. 

This also suggests that targeted PEGylation that spares need Ad functions may 
be superior to random PEGylation for clinical translation. The only negatives of this 
approach will be the need to obtain Food and Drug Administration or other regulatory 
approvals for not just one article (Ad), but for two (Ad and PEG) and ensuring that a 
reproducible product can be routinely generated. 
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1. Introduction 


Among different oncolytic viruses, adenovirus has several traits that facilitate the 
design of oncolytic or tumor-selective recombinants. Most serotypes of adenovirus 
use the fiber (nt 31037-32782 of human Ad5 reference material) to interact with 
well-defined protein receptors (CAR, CD46, or desmoglein 2) at the cell membrane, 
allowing for receptor-targeting strategies. Later, in the late phase of the infectious 
cycle, the newly synthesized fiber will not only pass to the progeny but also will be 
secreted to the extracellular medium in large amounts, and this can be used to open 
intercellular junctions on adjacent cells to facilitate virus spread. The penton base 
RGD (nt 15174-15183) motif is involved in a second step of cell internalization by 
binding to integrins that drive the virus to the endocytic pathway, and this internal- 
ization step can also be modulated in recombinant adenoviruses. The protein surface 
of the virus, mainly formed by the hexon (nt 18842-21700), contributes to surface 
charge and to other interactions with host antibodies and other proteins (such as 
FX clotting factor or scavenger receptors) that can also be modulated to improve 
systemic tumor targeting. The existence of multiple serotypes of adenovirus may be 
used to create chimerical viruses that evade preexisting immunity issues. Adenovirus 
has a natural tropism to infect and replicate in epithelial cells, the origin of most 
solid tumors. The viral DNA expression occurs in the nuclei of infected cells and it 
follows a timely orchestrated series of activation steps, initiated by the expression 
of early la (Ela) genes. This allows the control viral replication replacing the Ela 
promoter by a tumor-selective promoter. Viral progeny accumulates in the nuclei 
of infected cells and its release can be accelerated using different genetic modifi- 
cations. Finally, the adenoviral genome can be armed with transgenes at different 
insertion sites of the double-stranded linear 36kb genome. These transgenes can 
be controlled by exogenous promoters or by endogenous viral promoters that will 
express the transgene in the appropriate phase of the viral life cycle. With genetic 
recombineering techniques in yeast! or bacteria? that allow the modification of any 
nucleotide position of the plasmid-cloned genome in a two-step replacement of 
positive-negative selectable genes, restriction enzymes sites are no longer a limitation 
in the design of oncolytic adenoviruses. 
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2. Genetic Modifications to Achieve Tumor-Selective 
Replication 


2.1 Deletion of Viral Functions Dispensable in Tumor Cells 


EIA (nt 560-1545) is the first viral gene expressed from the virus genome. Differential 
splicing produces a shorter E1A-12S (243 aa) and a large E1A-13S (289 aa) protein 
with several conserved regions among serotypes (CRI spans residues 41 to 80, CR2 
residues 122 to 139 LTCHEAGF (nt 923—946), and CR3 residues 140 to 188, this later 
only present in E1A-13S). These conserved regions are involved in interactions with 
cellular proteins to induce the transcription of cellular and viral genes. CR1 and CR2 
mediate binding to pRB family proteins (pRB, p107, and p130) dissociating them 
from the E2F transcription factor. The released “free” E2F activates cellular genes 
involved in cell cycle and DNA synthesis and also the E2 viral genes. On the other 
hand, E1A proteins use the CR1 and the amino-terminal domain to bind to nuclear 
lysine acetylases (CBP and p300) to form a complex that stimulates the transcriptional 
activity of E2F. Removing the E2F inhibitor pRB and stimulating the E2F activators 
p300 are two complementary functions of E1A proteins necessary to pass the G2/M 
phases of the cell cycle, but each of them separately is enough to induce DNA synthe- 
sis. In cycling cells, pRB phosphorylation by cyclin D-CDK4/6 and cyclin E/A-CDK2 
changes its conformation and dissociates it from E2F. In tumor cells pRB is inacti- 
vated by constitutive phosphorylation or deletion. Therefore, when cycling or tumor 
cells are infected with adenovirus, the CR2 of E1A becomes dispensable. AdD24 and 
d1922-947 are two oncolytic viruses based on such CR2 deletions.°*+ (See Figure 1 for 
deletions and insertions commonly used to design oncolytic adenoviruses.) Arresting 
normal cells or transferring pRB into pRB-mutant tumor cells reduces the production 
levels (burst size) of such mutants up to 3 logs. However, focusing on their potency 
in tumor cells, a certain degree (1 log) of attenuation in several tumor cell lines has 


Tumor-targeting 
Insulators and ligands 
Insertions Tumor-selective SA-transgene-pA 
promoters 





Relocated 


Deletions Aam 19K VAI FX Complete or CAR Orf6/7 
VAII binding patrial E3 binding 
CR2 SEK sites (replaced by sites 
CR3 transgenes) 


p53- binding site 
Figure 1 Insertion and deletions commonly used to design oncolytic adenoviruses. SA, splicing 
acceptor; pA, polyadenylation signal. 
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also been observed, and it could be associated with the role of the p300-E1A—pRB 
complex to repress cell genes that inhibit viral replication.° If safety/toxicity is a con- 
cern, further deletion of CR1 to impair p300 binding increases the attenuation of these 
mutants in normal cells® especially under proliferating conditions,’ but their yield in 
tumor cells (potency) may also be lower.‘ In addition, E4orf6/7 (nt 34072-32909, note 
reverse orientation) binds free E2F to activate the E2 promoter but it also can help to 
dissociate pRB—E2F complexes. Therefore, the E4orf6/7 deletion could increase the 
selectivity of CR2 mutants but at the expense of some potency. 

CR3 is needed for efficient transactivation of other early viral promoters, mainly 
by binding to the TATA-binding protein and displacing p53 that causes transcriptional 
repression. Deletion of the CR3 of E1A or the splice variant E1A-13S (such in Ad 
mutant d1520 that has a deletion of nt 1107 to nt 1117 eliminating the splice donor site 
of E1A-13S) renders the Ad unable to transactivate early Ad genes in normal cells. 
However, in tumor cells this defect can be bypassed to a certain degree by the accu- 
mulation of the transcription factor YB-1 in the cell nucleus, which is able to activate 
the late E2 promoter.® 

E1b-19K (or Elb-21K, nt 1714-2244) is a homolog of Bcl2 that blocks apop- 
tosis in infected cells. Wild-type adenovirus does not cause apoptosis because it is 
blocked by E1b-19K. In normal cells, lack of this protein causes premature cell death 
by apoptosis on infection and the mutant Ad cannot complete the life cycle. However, 
in certain tumor cells with overactive antiapoptotic pathways, apoptosis on infection 
of Elb-19K-defective mutants (E1B19K can be partly deleted using EcoNI nt 1710 
and BstEI nt 1915) is prevented or delayed to the late phase of the viral cycle. Such 
a delayed apoptosis results in a more efficient release of virus from infected cells 
and increases viral spread.’ In fact, the selection of large plaques after random muta- 
genesis of the viral genome often selects for E1b-19K mutants.!° Nevertheless, the 
function of Elb-19K cannot be complemented unless the antiapoptotic pathways of 
the cells are highly active.!! The proapoptotic cell death induced by Elb-19K mutants 
makes them especially suitable for combination with apoptosis-inducing chemother- 
apies.!? On the other hand, Elb-19K-defective mutants induce greater inflammatory 
responses that could induce greater antiviral and antitumor immune responses and 
may affect the oncolytic outcome. !? 

E1b-55K (nt 2019-3509) forms a complex with E4orf6 and p53 to promote 
ubiquitin-mediated degradation of p53. This prevents early apoptosis of infected cells 
and induces the S phase that favors virus replication. Functional loss of p53 in tumor 
cells would render E1B-55K dispensable. On this basis, an E1b-55K deletion mutant 
was proposed as a tumor-selective or oncolytic adenovirus for p53-defective tumors. !* 
The main caveat of this design is that E1b-55K has other functions besides p53 inactiva- 
tion, such as the shutoff of RNA nuclear export and the nuclear localization of YB1 
to activate the late E2 promoter. Certain tumor cells can inactivate p53, counteract 
protein shutoff, and accumulate nuclear YB1 simultaneously, but in most cases a sig- 
nificant loss of Elb-55K mutant yields is observed. Obtaining E1b-55K mutations 
that only affect the p53 binding site would overcome this limitation.!> E4-orf3 (nt 
34699-34349) can block the expression of p53-dependent genes, and therefore its 
deletion should also be considered to attenuate the virus in p53+ normal cells. 
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Tumor cells are less sensitive to the protein translation shutoff induced by inter- 
feron (IFN). This IFN resistance is the basis for the oncolytic selectivity of different 
IFN-sensitive RNA viruses. On the other hand, IFN-resistant viruses can be designed 
to be tumor selective if the viral functions that counteract IFN are eliminated. This can 
be achieved in adenovirus by deletion of VA-RNAs (VA-I nt 10620-10779; VA-II nt 
10876-11038) that block the IFN-inducible protein kinase R (PKR).!° However, other 
factors may contribute to the replication potency of these mutants as the function of 
VA-RNAs is not just blocking PKR. For example, VA-RNAs produce microRNAs to 
inhibit cellular genes to promote efficient virus growth.'’ The simultaneous inhibitory 
and activating functions of most viral RNAs and proteins (E1A, E1B, E4) make it 
very difficult in designing defective Ad mutants to target a specific molecular defect 
of tumor cells. In this regard, the use of tumor-selective promoters seems more pre- 
dictable for achieving selective replication while not affecting the replication potency 
in tumor cells. 


2.2 Insertion of Tumor-Selective Promoters 


As EIA 12S and 13S proteins are the first ones expressed on infection and control the 
expression of the rest of early viral genes, replacing the Ela promoter by an exogenous 
tumor-selective or tissue-selective promoter is the main strategy for achieving a tran- 
scriptionally controlled oncolytic adenovirus. Structural elements of the Ela promoter 
that can affect the inserted exogenous promoter are the following: An SP1-binding site 
(GGGTGG) in the left ITR (nt 1-103) at nt 52-57, ATF (activating transcription 
factor)-binding sites (TGACGT) in the ITR at nt 64—69 and nt 96-101, and downstream 
of the ITR at nt 170-175 and nt 456—461, the enhancer I elements (AGGAAGT at nt 
199 and nt 296, and CGGATGT at nt 155 and nt 229), two E2F-binding sites (TTTCGCG) 
at nt 212 and nt 275, the enhancer II at nt 249 to nt 282 (that stimulate transcription of 
Ela and also other early viral genes), and OCT 1-binding site at nt 303-316, the TATA 
box at nt 468-475, the cap site at nt 499, and the first Ela codon (ATG) at nt 560. 
The exogenous promoter has been commonly inserted between the cap site and this 
codon. Among these regulatory elements, those present in the ITR and the enhancers 
I/II that overlap with the A repeats of the packaging signal cannot be removed without 
deleterious replication or packaging effects. The SP1 and ATF sites at the ITR are able 
to originate transcripts from the ITR itself.!8 The readthrough over the inserted exoge- 
nous promoter would affect its transcriptional activity, and to avoid it a pA signal can 
be inserted downstream of the ITR. The interference of enhancers I/II can be avoided 
by moving the whole packaging signal to the right end of the genome, upstream to the 
right ITR (nt 35832-35934). 

Elb, E2, and E4 promoters have also been replaced with tumor-selective promot- 
ers. The Elb promoter is composed of a GC box at nt 1654 and a TATA box at nt 
1672, and it is affected by enhancers near the E1A stop codon (nt 1545). As E1B-19K 
activates ELA, E2, E3, and E4 promoters and EI B-55K activates the E2 late promoter, 
control of E1b helps to obtain tumor-selective replication. An easy way to control Ela 
and Elb is to connect them using an internal ribosome entry site.!? The dual regula- 
tion of Ela and Elb seems to add 100-fold selectivity to the single Ela regulation,”° 
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but for certain combinations it did not add selectivity.?! E4 proteins, mainly ORF6/7, 
transactivate E2 and can induce E1A-independent replication. Replacing the E4 pro- 
moter (nt 35575-35818) can increase up to 10,000-fold the selective replication of 
E1A-controlled viruses.?* E2 has an early promoter highly dependent on E1A trans- 
activation composed of a TATA box (CTTAA, nt 27069-27073), and E2F palindrome 
site (TTTCTCAAATTTAAGCGCGAAAA; nt 27091-27113; formed by two E2F 
boxes TTTCGCG and CGCGAAA), and one ATF site (ACGTCAT; nt 27116-27122), 
and a late promoter composed of a TATA box, two Sp1 sites, and three CCAAT boxes 
repressed by E1A and activated by E1B-55K jointly with YB-1. Among both E2 pro- 
moters, in designing oncolytic adenoviruses the E2 early promoter can be replaced 
with tumor-selective promoters. When using tumor-selective Tcf-binding sites (AGAT- 
CAAAGG) it has been found that the adjacent AP1 (TGACTAAC, nt 27469-27476) 
and ATF (TCGTCAC; nt 27503-27509) sites belonging to the E3 promoter had to be 
mutated (preserving the overlapping L4-pVIII ORF) for proper control.”! In theory, as 
E2 encodes proteins essential for viral replication (DNA polymerase, terminal protein, 
and DNA binding protein) the E2 promoter control could not be bypassed by cellular 
factors, as may occur with Ela and E4 proteins that control gene expression or the cell 
cycle, but replacing Ela or E4 promoters has yielded more selective replication (up to 
10,000-fold with Ela or E4 compared to 100-fold with E2). 

For a proper regulation in the viral genome, the exogenous promoters should be 
insulated from transcriptional sites and enhancers by means of transcription stop sig- 
nals (poly signal AATAAA) and insulators (such as the HS4, H19, DM1, and synthetic 
insulators).?° 


3. Genetic Modifications to Enhance Oncolytic Potency 


3.1 Modifications to Increase the Release of Virus from 
Infected Cells 


Research on improving the design of oncolytic Ad has moved progressively from 
selectivity to potency. Random selection of faster spreading adenoviruses has led to 
mutations in E1b-19K (nt 1714-2244), iLeader (nt 7978-8427), or E3-19K (nt 28729- 
29211) proteins that show a common mechanism of action based on a faster release 
of virus particles from infected cells.2* This reveals that progeny release from infected 
cells is a rather inefficient process. Despite that faster release is often at the expense 
of lower virus production yields (burst size), it clearly increases oncolytic potency in 
xenograft models, indicating that spread is a more limiting factor for efficacy than 
virus yields. However, the advantage of faster released mutants is harder to prove in 
the presence of an immune system. As noted above, the loss of E1-19K function pro- 
motes early apoptosis, which induces a faster release of viruses. On the other hand, 
the mechanisms responsible for the faster release of E3-19K C-terminal mutants (e.g., 
the “T1” or “445A” mutation, which inserts an additional “A” at the AAAA stretch 
located at nt 29170-29173 and shifts the E3-19K ORF), which express E3-19K at the 
plasma membrane instead of the endoplasmic reticulum, could be associated with an 


324 Adenoviral Vectors for Gene Therapy 





ionic permeabilization or viroporin function of this protein.” The molecular pathway 
involved in the fast release associated with the C-terminal truncation of the iLeader 
protein (e.g., G at nt 8374 mutated to T, which changes aa E to a stop codon) is still 
unknown.”° Another way to accelerate release is overexpressing the adenovirus death 
protein (ADP; nt 29485—29763).”’ ADP is the only E3 gene expressed at the late phase. 
The absence of this protein in E3-deleted viruses was found to decrease their onco- 
lytic potency and causes a small plaque phenotype. Conversely, its overexpression by 
deleting other E3 genes or by inserting a second copy of the major late promoter (MLP) 
before the ADP ORF enhances viral release. When E3-deleted viruses are mutagenized 
and propagated in vitro, compensating E1B-19K deletions arise. Therefore, for E3-de- 
leted oncolytic viruses, the E1b-19K deletion is of special advantage. 


3.2 Arming Oncolytic Adenoviruses with Transgenes 


A different strategy for increasing the efficacy of oncolytic adenovirus has been to 
insert exogenous transgenes. In general terms, oncolytic adenoviruses have been 
“armed” with transgenes for several purposes. Often, the aim is to increase viral cyto- 
toxicity using prodrug-activating genes (such as thymidine kinase, carboxypeptidase, 
nitroreductase, or cytosine deaminase/uracyl phosphoribosyltransferase), fusogenic 
proteins (such as GALV), toxins (such onconase), or immunostimulatory genes (such 
as IL2, IL4, IL12, IL18, IL24, IFN-a, RANTES, CD40L, HSP-70, THF, and GM-CSF). 
A conceptually different aim is to arm the virus with genes that foster virus replica- 
tion, spread, or yields. For this later aim, oncolytic adenoviruses have been armed with 
genes that increase viral replication or progeny release (such as p53 at the late phase**) 
or enzymes that degrade the extracellular matrix (such as relaxin, metalloproteases, 
and hyaluronidase).2? Eventually, a combination of several genes would be ideal, but 
the maximum genome size that can fit within the capsid is 38 kb, that is, 2kb over the 
wild-type size. Although the transgene can be inserted as an expression cassette with 
its own promoter and poly(A) signal, as usually adenoviral vectors are used for gene 
therapy or vaccination, the design of oncolytic adenoviruses often uses endogenous 
viral promoters to express the transgene. This saves space and allows a better tuning 
of the expression with the replication cycle of the virus. In addition, it avoids creating 
directed or inverted repeats by repetition of promoter or regulatory sequences that 
result in rearrangements and genome instability. Transgenes can also cause aberrant 
splicing with viral genes, and preferred consensus splicing donor sites (e.g., AGGT- 
GAGT and AGGTAAGT) in the transgene should be mutated at the internal (under- 
lined) GT nucleotides without changing the aa sequence of the protein. 

Transgenes have been inserted at different sites of the Ad genome.*° A good option 
for obtaining early expression without adding additional promoters is to link the 
transgene to E1A using an internal ribosome entry site?! or a 2A ribosome skipping 
sequence. Different 2A sequences have been used (e.g., from the porcine teschovirus 
1 (ATNFSLLKQAGDVEENPGP)” or from the Thosea asigna virus (EGRGSLLTC- 
GDVEENPGP)),” usually with a GSG linker between the upstream protein and the 
2A signal. The 2A linker strategy has the advantage of requiring less cloning space 
(66 bp of 2A vs 600 bp of the IRES) but it leaves the entire 2A sequence except the last 
proline at the C terminus of the viral protein and the proline residue at the N terminus 
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of the exogenous protein. It should be determined that such tails do not affect the 
function of the 2A-linked proteins, as seems to be the case for Ela, pIX, and fiber. In 
addition, ribosome skipping by 2A is not 100% effective and a significant percent- 
age of fusion protein remains. Substitution of E3 genes, except for ADP, leads also 
to early gene expression. For a late gene expression the transgene can be linked to 
the MLP using a splicing acceptor signal upstream of the transgene and locating it 
at different positions downstream of the MLP.*° In E3-deleted viruses, one possible 
location is at the E3-deleted region itself.** To avoid deleting viral genes, insertions 
between the fiber poly(A) signal (AATAAA nt 32778-32783; that overlaps with the 
fiber stop codon) and the E4 poly(A) (TTTATT, nt 32,811-32816) or between the E4 
promoter (nt 35575-35818) and the right ITR (nt 35832—35,934) have been used by 
various groups. Different splicing acceptor signals used derive from the adenovirus 
genes, such as the IIa gene,*°° Ad41 long fiber gene,’ Ad40 long fiber gene,** or 
from a consensus splicing signal including a branch point, a polypyrimidine track, 
and a splice acceptor sequence (named BPS).*°> Between the splicing signal and the 
transgene, a Kozak consensus signal (CCACC) can be inserted to increase the expres- 
sion level of the transgene. A pA signal should be added after the stop codon of the 
protein, which can be overlapping (TAAtaaa) if the stop codon is changed to TAA. A 
left-to-right transcriptional direction is preferred and seems to increase expression lev- 
els.*° The location after the fiber leads to higher transgene expression but the location 
upstream to the left ITR leads to a tighter replication-dependent expression, which is 
more adequate for toxic proteins,*® and it seems also the most appropriate location to 
express shRNAs by RNA polymerase III.°? The use of IRES or a ribosome skipping 
2A sequence can also be used to fuse the transgene to fiber, hexon, pIX, or other 
viral proteins.?™3! Comparing oncolytic adenoviruses with luciferase downstream of 
the fiber with 2A or IRES or next to the right ITR with a splicing acceptor indicated 
that IRES mediated the strongest expression but the splicing acceptor preserved the 
highest replication-dependent or tumor-selective expression.*! Given the unpredict- 
able effects of the remaining 2A sequences, the long size of IRES, and the good results 
obtained with the splice acceptor signal, this later seems to be the best choice to arm 
oncolytic adenoviruses. 

To obtain more than 2kb of cloning space, deletion of dispensable E3 or E4 genes 
has been considered. E3 encodes for seven proteins: 12.5K (nt 27858-28181), 6.7K (nt 
28547-28736), 19K (nt 28735-29215), ADP (nt 29491-29770), RIDa (10.4K), RIDb 
(14.5K), and 14.7K, from left to right. These proteins are nonessential for viral replica- 
tion in vitro and they have been classically replaced with antigen-expression cassettes 
(with exogenous promoters) in replication-competent adenovirus vaccines. For onco- 
lytic adenoviruses, partial E3 substitutions preserve the E3 promoter and different E3 
genes (only certain open-reading frames are substituted).*? Except for ADP, all other 
E3 proteins have immunomodulatory functions and are expressed at the early phase of 
the viral cycle (8—12h postinfection, before genome replication). The 6.9K/19K have 
overlapping reading frames: the 6.9K stop codon TGA is at the second nucleotide of 
the start codon (ATG) of 19K (...ccaagATGAttaggtac...). The 6.9K/19K substitution 
(nt 28532 Nhe site—29355 Mun I site) offers early gene expression and wild-type level 
of other E3 genes at the expense of a possible higher immunoclearance because the 
anti-TNF protection given by 6.7K and the anti-MHC-I retention activity of 19K are 
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lost.*! A 19K-only substitution can render also very high levels of expression and it can 
be designed adding a TAA stop codon for 6.7K, a Kozak sequence, and the start codon 
of the exogenous protein (ccaagTAAccATG...), followed by the rest of the transgene 
ORF replacing the E3-19K ORF. The ADP substitution decreases viral release, but as 
a side effect the infected cell viability and protein synthesis are extended over time, and 
a slight increase in virus production is observed.*! In addition, ADP is the only E3 gene 
expressed at the late phase, which implies that expression is tumor selective in oncolytic 
adenoviruses. Finally, the substitution of RID genes and 14.7K (which together form the 
E3B region) has some unexpected favorable traits such as higher levels of expression, 
late phase expression, ADP overexpression, and faster cytotoxicity, at the expense of the 
anti-TNF activity provided by these three proteins.“ The immunomodulatory activity 
of E3 requires an immunocompetent model to fairly test the effect of their substitution. 
In this setting, viruses with an intact E3 region showed higher replication and antitumor 
responses.“ In general terms, the insertion of transgenes in E3 has shown more interfer- 
ences with adjacent viral genes and promoters, and less reliable expression and genome 
stability compared to insertion at E1, after fiber, or next to the right ITR. 


4. Modification of Capsid Proteins to Achieve Tumor 
Targeting, Enhance Infectivity, and Display Antigens 


Adenovirus has a nonenveloped icosahedral capsid with hexon forming the 20 fac- 
ets and fibers at the 12 vertices. Penton base proteins connect the fiber to the facets 
and protein IX between hexon cements the capsid. These four proteins are the major 
determinants of the pharmacokinetics (clearance from blood), organ and tissue biodis- 
tribution, and cellular tropism of the virus. Human adenovirus type 5 in nature infects 
through the respiratory track, and viremia, although it can occur if the infection is not 
blunted by the immune system, does not account for the natural histopathology of the 
infection. Therefore, capsid interactions in blood have been studied recently by those 
interested in the systemic delivery of the virus as a therapeutic agent.*> To achieve the 
maximum delivery of virus particles to tumor sites intravenously, several obstacles 
must be overcome: avoid neutralizing interactions with antibodies, blood factors, and 
blood cells; avoid extravasation in nontargeted organs (mainly liver and spleen); avoid 
uptake by macrophages (mainly Kupffer cells); induce extravasation and penetration 
in tumors; and promote the efficient entry of virus into tumor cells. All these aspects of 
the systemic tumor-targeting challenge can be approached with capsid modifications. 

Most humans (85%) have been preexposed to adenovirus type 5 and have neutral- 
izing antibodies. These target mainly the exposed hypervariable regions (HVR) (or 
loops) of the hexon and neutralize the virus by blocking postentry steps of the virus 
cellular trafficking. Replacing the HVR from one serotype to another can avoid this 
antibody-mediated neutralization.*° For CAR-binding Ads, HVR1 seems the most 
important region for the replacement, in agreement with the major role of HVR1 to 
bind dinein and mediate the transport of the virus to the nuclear pores after leaving the 
endocytic vesicles. Serotypes that do not enter through CAR (such as Ad48, which uses 
CD46) are useful for avoiding neutralizing antibodies and other capsid interactions but 
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they follow a different uptake pathway. Replacing the HVR1 of Ad5 with that of Ad48 
impairs dinein binding and nuclear transport.*’ Therefore, to avoid neutralizing antibod- 
ies while preserving trafficking, the HVR1 of a CAR-binding Ad should be replaced 
with the HVR1 of another CAR-binding Ad serotype. Specific residues of certain sero- 
types located at the hexon HVR are also involved in capsid binding to FX; therefore, 
replacing them with HVR from nonbinding serotypes avoids this interaction, but again, 
the efficiency of nuclear transport mediated by the modified hexons should be carefully 
evaluated. Further, the benefit of FX ablation is controversial as FX protects virus from 
complement binding and degradation and reduces the virus-induced inflammation, and 
it may contribute to infection of tumor cells. Negative residues of HVR1, 2, 5, and 7 of 
Ad5 also bind to scavenger receptors in macrophages and endothelial cells, and replac- 
ing them with less charged residues from other serotypes (such as Ad6) can inhibit this 
uptake and clearance—a clear advantage, as long as dinein binding is not affected. 

The interaction of fiber with CAR promotes Ad5 binding to human erythrocytes 
(mouse erythrocytes do not express CAR). This interaction can be abrogated using 
CAR-ablating fiber mutations such as the replacement of aa Y fiber aa 477 (nt 
32465-32467) with aa A (Y477A mutation). However, as the virus will remain at the 
surface of the erythrocyte (integrins would be required for entry) and it is still infective,*® 
if CAR-binding shows an association—dissociation reversible equilibrium, erythrocyte 
binding may not preclude tumor targeting and, conversely, erythrocytes could ferry 
viruses to tumors. A similar unpredictable effect can happen with platelets, whose 
integrins bind the RGD motif of the penton base and, with their tumor tropism and 
without viral uptake, they could promote tumor targeting. 

While most hexon modifications aim to promote a passive tumor targeting by 
avoiding undesired neutralizing and clearance interactions, some modifications aim at 
an active tumor targeting, seeking new receptor interactions. The modification of the 
hexon with high-affinity ligands for tumor cell receptors has failed because, contrary 
to the fiber, the hexon remains attached to the capsid during the transport to the nuclear 
pore. If the interaction with the receptor is of high affinity, the hexon remains stuck 
to the receptor and this precludes the transport to the nuclei (so-called “sticky virus”). 
A competition for the interaction with dinein can also explain the deficient nuclear 
transport of the hexon-modified viruses. A different outcome occurs with low-affinity 
ligands (e.g., peptides such as RGD*’) or with nonreceptor-based membrane interac- 
tions (such as the hexon modification with the protein transduction domain TAT from 
HIV>°°) that promote virus infection in hard-to-infect cells.>! 

The fiber is the main target for promoting an active tumor targeting by high-affinity 
ligands. The major challenge in the insertion of ligands to the fiber has been the struc- 
tural constraints of the trimeric fiber, where the fiber C-terminal knob exposed to the 
solvent is crucial for fiber trimerization. Insertion ligands at the fiber target the exposed 
HI loop or the C terminus of the knob, or are based on the replacement of the entire 
knob. The relatively long, flexible, and exposed HI loop can accept exogenous peptides 
up to 83 aa long. Among different peptides, the integrin-binding RGD4C has been one 
of the more useful ligands for promoting infectivity.°? Although wild-type Ad5 has 
RGD at the penton base and uses integrins for virus entry after the fiber has bound to 
CAR, the presence of the RGD at the fiber allows the use of integrins as a primary recep- 
tor independent of CAR binding. As many tumor cells lack CAR but express integrins, 
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this RGD insertion has proven widely useful. RGD has also been used to replace the 
KKT residues of the fiber shaft that contributed to hepatocyte infectivity on systemic 
administration." This RGD location at the shaft promoted simultaneously some liver 
detargeting and tumor targeting. Other interesting peptides that have been inserted at 
the HI loop to broadly increase the CAR-independent transduction of adenoviruses are 
derived from protein transduction domains, such as the TAT48-60 peptide of HIV.>* The 
HI loop has also been used to insert randomized variants of the Z domain of staphylo- 
coccal protein A-named affibodies that may be used to target selected receptors.°> The 
C terminus of the fiber (... YIAQUE*) hides below the solvent-exposed trifoil of the 
knob. This C-terminal end can be extended up to around 80 residues but it needs a long 
flexible linker (usually formed by serines or alanines, GSx5 or PPASASASAPGSGS) 
to display the terminal peptide beyond the umbrella formed by the trifoil.5® Again, this 
has restricted the C-terminal modification strategy to small peptides, and even then, 
many of them lose the binding to the target (such as the GYIGSR laminin ligand) or 
result unviable (such as the laminin-binding SIK VAV, the E-selectin binding peptide 
TRSDITWDQLWDLMKTS, the 10 amino acid gastrin-releasing peptide, or the 13 amino 
acid melanocyte-stimulating hormone). This C-terminal location is most appropriate 
for peptides that only bind the receptor in a free-end conformation, for example, for 
the insertion of the iRGD peptide that promotes both integrin targeting and neuropilin- 
mediated extravasation.” The C-terminal location is also very useful for inserting ligands 
that become activated on proteolysis, such as a metalloprotease-activatable TAT domain.5® 
However, for ligands that do not need to be terminal (with one free end) such as RGD or 
TAT, the fiber HI loop has proven superior to the C terminus for targeting.°* To expose 
a large peptide, such as a receptor-binding protein or a fragment of an antibody, the 
peptide must replace the knob. In this design, the trimerization function of the knob 
has been provided by the fiber—fibritin domain of bacteriophage T4 fibritin or by a 36 
aa trimerization motif of the human lung surfactant protein D.°° Although some in vitro 
successful reports have been published, stability issues seem to preclude the large-scale 
production of these recombinants. Even in the most efficient configuration, containing 
the whole shaft (ending at VGN residues) followed by the 12th coiled—coil segment 
of fibritin and a (GGGS)x3 linker (Table 1), retargeted fibers (to CD40L) were poorly 
incorporated in the capsid. In addition, fiber synthesis at the cytoplasm made the use 
of ligands with disulfide bonds difficult.°° Fiber-mediated targeting with very specific 
high-affinity ligands (such and single chain antibodies) has other disadvantages: there 
is no true tumor-selective receptor, and given the tumor heterogeneity at the receptor 
level, a very narrow receptor specificity may lead to tumor-resistant or escape variants 
without the receptor. Adenovirus-infected cells secrete large amounts of fiber to block 
receptors on adjacent cells to self-limit its propagation in the host.°! 

An alternative to the insertion of exogenous ligands in the Ad5 fiber has been the 
use of recombinant chimeric fibers where knob,® or the knob and shaft,®? is from a 
serotype other than Ad5. For knob-only replacement a good fusion point is the flexible 
motif formed by the TLWT residues between the shaft and the knob often preserved 
among serotypes.°* The most common serotypes have been Ad3, which binds to des- 
moglein 2, and Ad35, which binds to CD46. These two receptors have been found over- 
expressed in tumors. This overexpression leads to selective tumor targeting in vivo. 
Fibers with long shafts, such as the Ad5 fiber, bind to blood factors that promote virus 
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Table 1 Selected Relevant Sequences for the Designs of Oncolytic 
Adenoviruses: Amino Acid (When the Sequence is Translated) and 
Nucleotide Sequences are Shown 


Sequence id Sequence: AA(nt) or nt 


2A teschovirus GSGATNFSLLKQAGDVEENPGP (gggtccg- 
gagccacgaacttctctctgttaaagcaagcaggagacgte- 
gaagaaaaccccgggccc) 

Illa SA (3VDE) agtactaagcgetgatetttctgatcag 

BPS tgcttatcttcctttctctcttcag 

RGD4C CDCRGDCEFC (tgtgactgcecgcggagactgtttctgc) 

iRGD cter +pA CRGDKGPDC-stop 
(tgccgcggtgacaagggacccgactgctaataaa) 

TAT48-60 GRKKRRQRRRPPQ 
(ggcaggaagaagcggagacagcgacgaagacctcctcaa) 

Tat-like peptide YGSKKRRQRRRGG 
(tatggcagcaagaagcggagacagcgacgaagagecegc) 

MMP-cleavable linker AKGLYK (gccaagggcctgtacaag) 

TAT-blocking sequence | GGEEEGEEEEE-stop (ggcggcgaggaagagegc- 

cter +pA gag gaggaagageagtaataaa) 

(GGGS)x3 linker GGGGSGGGGSGGGGS (ggcggaggaggtagcgst- 
ggaggtggatctgggggaggtggctce) 

T4 fibritin 12th LTNS IKANETNIASVTQEVN- 

coiled-coil TAKGNISSLQGDVQALQEA 
(ttaaccaattcaataaaagctaacgaaactaacattgcatcagt- 
tacacaagaagtgaatacagctaaaggcaatatatcttcttta- 
caaggtgatgttcaagctctccaagaagcc) 

T4 fibritin foldon GYIPEAPRDGQAY VRKDGEWVFLSTFLSPA 
(ggttatattcctgaagctccaagagatggecaagcttacettcg- 
taaagatggcgaatggetattcctttctacctttttatcaccagca) 

Alpha-helical linker for | EETRARLSKELQAAQARLGAD- 

pIX display MEDVCGRLVQYRGEVQA 
gaggagacccggecccegcctctccaaggagctgcagecceg- 
cccaggcccgectgggceccgacatggaggacetgtecggc- 
cgcctggtgcagtaccgcggeeagestgcagecc) 











uptake by Kupffer cells and infection of hepatocytes. As Ad3 and Ad35 have short 
fibers, a chimera that includes those shafts untargets these cells. An oncolytic virus can 
be designed to express two complete fibers that assemble at different vertices, forming 
a mosaic capsid. The fiber from the porcine Ad4 is trimeric in the N-terminal half but 
becomes momomeric for the rest. This unique structure may be ideal for designing a 
chimeric fiber that allows the insertion of large targeting ligands.®” 

The adenovirus capsid can be modified to display epitopes of antigens. This modifi- 
cation, commonly used in vaccine designs, can be applied to immunostimulatory onco- 
lytic adenoviruses. The modified capsid, even if neutralized by preexisting antibodies 
and taken up by macrophages, will induce immune responses to the displayed epitopes. 
The variable and exposed loops of fiber and hexon have been the main targets for 
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antigenic epitope display. A comparison of locations indicated a greater antigenicity 
when located at the fiber.686° Another Ad protein of particular interest on epitope inser- 
tion is E3-19K as it can deliver the epitopes directly to the endoplasmic reticulum to be 
loaded to the MHC in a TAP-independent way (A. Rodriguez-Garcia and R. Alemany, 
unpublished). As tumor cells are often TAP deficient to escape immune presentation, 
this strategy is particularly designed to promote responses against tumor epitopes. 
Finally the C terminus of pIX (nt 4028) (...PPNAV%*) has been also used to fuse 
exogenous polypeptides of up to 113 amino acids or even the complete GFP protein. ”®7! 
A long alpha-helical spacer followed by the flexible (GGGS)x3 is used to help expose 
the peptide ligands to the virus surface. Propagation and retargeting efficiency of pIX 
modified ads have been so far modest, suggesting structural limitations on pIX genetic 
modification or a possible impairment of the nonstructural functions of pIX, such as 
transcriptional activity and PML nuclear body reorganization. Despite this, viruses have 
been rescued with large proteins fused to pIX, such as GFP, RFP, luciferase, thymidine 
kinase, or a hyperstable scFv.” pIX has also been used to display antigens on the cap- 
sid,’* offering a larger capability compared to hexon and fiber. For retargeting purposes, 
as pIX does not detach from the capsid on cell entry, it is expected that the same problem 
of “sticky” viral particles as found with the hexon occurs, and only low-affinity ligands 
become compatible with virus nuclear transport. For pIX modification capsid stability 
(at 45C) should be tested, as a minor C-terminal modification of pIX may affect it.?? 
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1. Origins of Cancer Virotherapy 


The effects of cancer virotherapy were first described more than 100 years ago. In 
1912, DePace reported that administration of an attenuated prophylactic rabies virus 
to a woman bitten by a dog-induced necrosis in cervical cancer.! The next advance in 
virotherapy emerged in later decades. In 1950, tissue culture techniques that made pos- 
sible the growth of cells and viruses in the laboratory allowed scientists to make rapid 
progress in characterizing these biological agents, one of which was adenovirus.” 

In 1953, the laboratory of Ward and colleagues demonstrated that an infectious 
agent present in the adenoid culture obtained from a child could be cultured in vitro, 
and although the tissue culture could not be maintained for long, they were able to 
transmit the infective agent to other different cultures including HeLa cells.” To deter- 
mine the origin of this new agent, this group filtered the medium and tried to cultivate 
the infective agent in bacteriological medium, without success. They concluded that 
the new cytopathic agent in the culture that could not be trapped by a bacterial filter 
was a virus. About the same time that adenoviruses were discovered, virotherapy was 
arriving in the clinical setting. 

In 1949, the hepatitis B virus was administered to cancer patients to combat Hodgkin 
lymphoma, a disease then considered untreatable and lethal.* Results of the second 
clinical assay were published in 1952, when the Egypt 101 virus was used against 
advanced and unresponsive neoplastic disease.>° Tumor reduction was evident in 10% 
of patients, a small but significant percentage. However, in both clinical scenarios, the 
investigators also reported numerous side effects that included fever, malaise, mild 
encephalitis, and, in the most severe cases, death. Because of the unwanted secondary 
effects of the previously used viruses, investigators tested safer viruses in the clinic. 
Huebner, who had worked with Ward’s group in identifying adenoviruses, proposed 
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using these newly identified agents as tools against cancer. This led to clinical test- 
ing in 1956 of replication-competent adenoviruses as anticancer tools in patients with 
cervical cancer.’ In addition to the fact that adenovirus, unlike the hepatitis B and 
Egypt 101 viruses, caused only mild disease, the rationale for the clinical trial was 
based on the documented ability of adenoviruses to replicate in and kill HeLa cells, 
a cell line derived from a patient with cervical cancer and maintained in vitro since 
1951. In these studies, 30 women with cervical carcinoma were treated with mixtures 
of several serotypes of wild-type adenoviruses. After adenovirus administration, the 
patients experienced clinical symptoms similar to adenoviral infection, such as 
fever and malaise. Importantly, the investigators observed necrosis in the tumor site 
in more than 50% of patients. However, and of further clinical relevance, tumor regres- 
sion was never complete and the infection could not prevent regrowth of the tumor 
and disease progression that eventually resulted in death.’ Despite the potential bene- 
fit of adenovirus inoculation in treating cancer, investigators did not retest the idea of 
replication-competent adenoviruses in the clinical setting until more than 40 years later. 

Over the next 50 years, after these first clinical trials, researchers concentrated on 
in-depth characterization of the adenovirus infection and replication cycle.*.? Such 
studies were required to achieve the next objective in virotherapy: genetic modifi- 
cation of the adenovirus genome (Figure 1). On the basis of new knowledge of the 
mechanisms of adenoviral replication, pioneers of vectorology proposed deleting 
the proteins that are indispensable for viral replication, to make the virus replication 
deficient, and replacing them with exogenous genes. Thus, the safe adenoviral vector 
would infect and transduce the ectopic gene without killing the cell by lysis. The 
first strategy proposed included removing the viral E1 genes, which encode the first 
proteins expressed after infection and orchestrate the transcription of the rest of the 
adenoviral genes. The empty space in the adenovirus genome was used to insert a 
mini-cassette to express a foreign therapeutic or reporter protein in the target cell in a 
virus-independent way. This strategy required the development of a cell line that was 
transformed with the E7 gene, allowing replication of the adenoviral vectors and their 
production at high titers in any laboratory.!° With this change, viral particles that lack 
the ability to express viral genes are obtained.!! 

The Ad-p53 adenoviral vector was one of the first constructs built by taking advantage 
of the El-deleted strategy. Ad-p53 is capable of transferring the p53 complementary 
deoxyribonucleic acid (CDNA), which encodes for a potent apoptosis inducer that 
selectively kills tumor cells expressing a mutated p53.!? In vitro data produced by 
Gomez-Manzano et al.!* provided the rationale for the development of a clinical trial 
in patients with brain tumors at the University of Texas MD Anderson Cancer Center. 
The dose-escalation phase I trial, led by Lang et al.,!? involved the intratumoral injec- 
tion of Ad-p53 into 15 patients with recurrent glioma, followed by total resection of 
the treated tumor 3 days later. This design allowed for an examination of the function 
of the ectopic p53 in gliomas. Results from the trial showed a lack of toxicity, and 
thus the maximum tolerated dose was not achieved. However, the Ad-p53 treatment 
did not induce complete regression in any of the patients and the improvement in sur- 
vival was modest. Interestingly, histopathologic examination of the tumors revealed 
transference of the p53 gene through detecting the expression of p53 protein that could 
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Figure 1 Evolution in the clinical use of adenoviruses for the treatment of cancer. Adeno- 
viruses have been extensively tested as vectors to transfer exogenous genes to cancer cells. 
Sophisticated modifications of the adenovirus genome to improve infectivity and selectivity 
have made possible the production of oncolytic adenoviruses intended to destroy tumors 
directly by adenovirus-mediated cell lysis. In some instances, the use of adenovirus might 
elicit not only an antiviral immune response, but also a desirable antitumoral response. The 
combination of oncolytic adenovirus and immune modulators is predicted to be tested in 
the near future. 


transduce well-characterized transcriptional targets such as p21.!? The histopathology 
of the tumors also showed that transduction of the p53 gene was observed in an area 
of a few millimeters surrounding the injection site, which emphatically demonstrated 
that Ad-p53, and for that matter probably any other adenoviral vector, was incapable 
of transducing enough cells to induce a significant anticancer effect when adminis- 
tered intratumorally.!2 

The Ad-p53 trial and other similar trials using adenoviral vectors showed the need 
to elucidate ways to improve gene delivery. One way to improve distribution of the ade- 
noviral effect is to enable viral replication. Although there are many other approaches 
to enhance delivery, the fact that replication-competent viruses may spread through a 
tumor and therefore be more effective in delivering exogenous genes caused a revival 
of interest in replication-competent viruses as therapeutic tools. However, wild ade- 
noviruses had already been tested in clinical trials and were shown to be toxic, and 
therefore the new oncolytic viruses needed to be more potent than wild-type viruses 
and at the same time safer than wild-type adenoviruses. Basic research into how ade- 
noviral proteins interact with cell proteins and into the mechanisms for adenoviral 
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anchorage on the cell membrane as well as internalization paved the way for the 
design of a new generation of oncolytic adenoviruses (Figure 1). The first oncolytic 
adenovirus, d11520, was designed to exploit the differing status of the p53 protein in 
normal cells and cancer cells. 


2. Oncolytic Adenoviruses: The dl1520 and 
H1011 Concept 


Adenoviruses are episomal DNA viruses that require host cells to undergo S phase to 
activate the adenoviral promoters and the enzymes required for DNA replication and 
protein synthesis. For these reasons, the early genes of adenovirus encoded proteins 
that create an appropriate cellular environment for viral replication. However, the ini- 
tiation of viral DNA replication and the synthesis of adenoviral proteins would be 
identified by cellular sensors that trigger apoptosis or induce cell cycle arrest and an 
exit from S phase. One of the main cellular sensors that detect adenovirus replication 
and induce cell cycle arrest and apoptosis is the protein p53. The p53 protein, like 
other master regulatory proteins including Rb, is a cellular target for the adenovirus 
early proteins, specifically the E1B55K protein that binds and inactivates p53.!* 

On the basis of these data, the laboratory of McCormick developed a project based 
on a mutant adenovirus lacking the expression of E1B55K protein, and which could 
not inactivate p53. This mutant adenovirus could, at least in theory, replicate in cells 
with an inactivated mutant p53 but not in normal cells with wild-type p53 protein. 
Because the p53 protein is mutated in most cancer cells, the E1B55K-deleted adeno- 
virus could specifically target cancer cells. This new oncolytic adenovirus was first 
called d11520, and later, ONYX-015.!5 

Preclinical data for d11520 were attractive,!° and it was not surprising that the 
first clinical trial was initiated soon after publication of the study.'° The dl1520 was 
tested in several types of cancer!® but the best clinical results were obtained in phase 
I and subsequent phase II studies that combined intratumoral injection of d1150 with 
administration of chemotherapy for patients with head and neck cancer. The phase 
I study proved the safety of the approach,!’ showing that the most frequent second- 
ary effects were fever and injection site pain without more serious adverse effects.” 
In five patients, injection of the virus reduced the tumor size, but metastatic tumors 
showed no clinical response.!” The purposes of the phase II study were to confirm the 
safety of d11520 as a treatment against recurrent squamous cell carcinoma of the head 
and neck in combination with cisplatin and 5-fluorouracil and to evaluate potential 
clinical responses. The study enrolled 40 patients who received the highest virus dose 
tested in the phase I trial (2.3 x 10!! plaque-forming units) administered (intratumoral 
single injection).!8 The study showed again that the most frequent unwanted symp- 
toms were fever and injection site pain. Viral genome was detected in the plasma of 
41% of patients 24h after the injection and viremia persisted in 9% of the patients for 
9 days. Clinical responses were remarkable: 14% of treated patients achieved com- 
plete regression, approximately 50% had stable disease, and the rest of the patients 


Clinical Trials with Oncolytic Adenoviruses 339 





(36%) had disease progression.'® Unfortunately, despite the results of the phase II 
study, phase ITI was canceled; less than 10% of the patients had been enrolled because 
of a corporate takeover. !° 

Although testing of E1B55K-deleted viruses in the United States came to an 
unfortunate end, scientists in the People’s Republic of China patented an adenovi- 
rus, called H101, that incorporated the E1B55K deletion and thus was similar to the 
virus designed by McCormick. Chinese clinicians initiated a phase III clinical trial 
to study the effectiveness and toxicity of H101 in combination with a cisplatin plus 
5-fluorouracil regimen or a doxorubicin plus 5-fluorouracil regimen. The clinical 
assay had four different arms involving administration of the two chemotherapies with 
or without intratumoral administration of H101. This trial enrolled 160 patients, and 
the results were excellent. The overall response rate was 78.8% in the group treated 
with cisplatin and 5-fluorouracil and the adenovirus H101. This was the first clinical 
trial demonstrating the antitumoral efficacy of an adenovirus, albeit in combination 
with chemotherapy. The success of this phase III trial led to the approval in 2005 of 
H101, specifically for treatment of nasopharyngeal carcinoma in combination with 
cisplatin-based chemotherapy. However, this trial was relatively small for a phase IH 
study, compared with phase III of d11520, which had planned a sample size of more 
than 450 patients, allowing for strong statistical power to detect important differences 
in survival between treatment groups.!° In addition, the standard of care for locally 
advanced nasopharyngeal carcinoma is the combination of radiotherapy with che- 
motherapy, which normally results in response rates of 80%. It is unclear why the 
authors used chemotherapy without radiotherapy as a control group.!9 It was also not 
completely clear how clinical responses were evaluated, and follow-up of the patients 
seemed to be difficult or incomplete. !° 

Further studies of the E1B55K-deleted virus concluded that the mechanism of 
tumor selectivity was not as simple as the targeting of p53.” In addition, and relevant 
for cancer virotherapy, the d11520 was highly attenuated and replicated poorly in sev- 
eral types of cancers.®1521-23 For these reasons, investigators sought to develop new 
tumor-selective adenoviruses with higher anticancer potency than E1B55K-deleted 
viruses. One of these viruses targeted the Rb pathway and was called Delta-24.*4 


3. Delta-24 


Several cellular proteins have been discovered by their interaction with adenoviral pro- 
teins. In this regard, Harlow and collaborators defined the regions of the E1A protein 
that interact with Rb protein, a master regulator of the cell cycle.?*?5 If inactivation of 
p53 is key to preventing apoptosis, inactivation of the Rb protein during adenovirus 
infection is critical to inducing the entry of the cell into S phase. Impairment of the 
interaction of E1A with Rb would render effective viral replication, which is impos- 
sible in normal cells arrested in G0.?4 On the basis of this concept, we constructed a 
replication-competent adenovirus encompassing a deletion of 24-base pair (bp) nucle- 
otides in the EJA gene encoding for the Rb-interacting segment of the E1A protein. 
The resulting mutant oncolytic virus was called Delta-24.”* 
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The Delta-24 deletion in E1A should render the adenovirus deficient in replication 
in normal cells that are out of the cell cycle in a postmitotic status, but it would not 
affect the replication of the virus in cancer cells in which the Rb pathway is normally 
inactivated.” Importantly, Heise et al.” demonstrated that the E1A mutation did not 
attenuate the virus and that this mutant adenovirus replicated up to 100 times more 
efficiently than ONYX-015 in the majority of cancer cells.7+7° 

In the original report of the anticancer effect of Delta-24,”* we observed that some 
glioma cell lines were more resistant to the oncolytic effect than others. The difference 
in the effect resulted from the different levels of expression of adenovirus receptors 
on the surface of cancer cells. In fact, many cancer cells do not express high levels of 
the natural receptor for adenovirus, termed coxsackievirus and adenovirus receptor 
(CAR).?’° Therefore, although E1A mutants such as Delta-24 displayed superior 
anticancer potency compared with their predecessor E1B55K mutant adenovirus, fur- 
ther improvements were required if the goal was to infect most cancer cells in tumors. 
This could be done using a variety of strategies. In the case of Delta-24, through 
collaboration between our group and the Curiel laboratory, the fiber of the adenovirus 
was modified by inserting the sequence of a peptide that allowed for binding to inte- 
grins in the HI loop of the adenoviral fiber protein.?8° By maintaining an intact fiber 
knob, the modified Delta-24 could interact with either CAR or integrins for its anchor- 
age on the target cells. Different from its wild-type counterpart, the fiber-modified 
Delta-24 displayed CAR-independent infectivity.” This tropism-enhanced Delta-24 
was named Delta-24-RGD.?8-30 


4. Delta-24-RGD 


Enhancement of the tropism of the Delta-24 adenovirus was performed by adding a 
specific motif in the HI loop of its fiber protein that consisted of the sequence of a pep- 
tide ACDCRGDCFCG (RGD-4C) containing Arg-Gly-Asp*”’ that has been shown 
to home to tumor vessels.*!“* The choice of the RGD peptide was justified based on 
studies from virology and cellular biology. Adenoviruses encompass the RGD motif 
as a key part of the penton base proteins that interact with cellular integrins to make 
possible internalization of the adenovirus into the tumor cell.*>* The purpose of 
this modification was to increase the anchorage of the virus on cancer cells with low 
expression of CAR, through interaction of the fiber knob directly with avB5 and avp3 
integrins, resulting in participation of the integrin-binding domain in both anchorage 
and internalization in a CAR-independent manner.?*>0-*> 

Delta-24-RGD had a more potency and widespread anticancer effect than did 
Delta-24. Thus, using a system of glioma cell lines, Fueyo et al. demonstrated that 
Delta-24-RGD could significantly extend the survival of glioma-bearing mice com- 
pared with Delta-24: At the same dose, Delta-24-RGD was always significantly more 
potent.” Importantly, Delta-24-RGD could infect, replicate in, and kill glioma stem 
cells,*° a population of cells resistant to conventional therapies including chemother- 
apy and radiotherapy.?!>” 
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5. Clinical Experience with Delta-24-RGD 


The safety of Delta-24-RGD was first tested in a phase I clinical trial of women 
with ovarian cancer.’ The purposes of the study were to determine the safety of 
intraperitoneal delivery of the oncolytic virus and to characterize the biologic effects 
encountered in these patients with advanced cancer cells. The 21 patients were treated 
daily for 3 days through an intraperitoneal catheter with doses up to 1 x 10!? viral par- 
ticles (vp). Toxicity effects were limited to fever, fatigue, and abdominal pain, and the 
investigators did not observe serious adenovirus-related toxicity. Although the adeno- 
virus was safe, there were no partial or complete responses. Examination of the ascites 
using polymerase chain reaction found Delta-24-RGD in most patients. Importantly, 
an increase in copy number was observed in 30% of patients 3 days after the inocula- 
tion, strongly suggesting active adenovirus replication. 

Delta-24-RGD was also tested in patients with recurrent malignant glioma; the 
results of the trial have been submitted for publication (Lang et al.). The study 
enrolled 37 patients with recurrent high-grade gliomas, and the objectives included 
determination of the maximum tolerated dose of Delta-24-RGD administered into 
the tumor and a description of the biological effects found in tumors that were 
resected after adenovirus injection. The patients were divided into two groups. 
The first group received a single intratumoral injection of Delta-24-RGD and was 
observed clinically with no other intervention. Patients in the second group also 
were inoculated with Delta-24-RGD, but their tumors were resected 15 days after 
the injection. The most interesting finding from this study was that a small per- 
centage of patients showed complete responses after the treatment and a greater 
percentage showed a partial response. Data are currently being examined; further 
information cannot be provided at this moment. However, that some patients had a 
complete regression suggests that gliomas could be efficiently treated with onco- 
lytic adenoviruses such as Delta-24-RGD. Data from the clinical trial also sug- 
gested that an antitumor immune response might complement the direct antiglioma 
effect of the viral oncolysis. 

Interestingly, Delta-24-RGD is also currently being tested in patients with recur- 
rent malignant gliomas in the Clinica Universidad de Navarra, Spain. In this phase I 
trial, Delta-24-RGD is administered in combination with temozolomide. The rationale 
for this combination is based on preclinical studies performed by Alonso and collab- 
orators showing that the E1A protein inactivates the promoter of MGMT, the enzyme 
that mediates resistance to temozolomide.*? Preliminary results from this trial show 
a potential antiglioma effect of Delta-24-RGD when administered directly into the 
glioma mass. 

In addition to these trials, another multicenter trial was started in 2014 to treat 
glioma patients at the MD Anderson Cancer Center (Houston, Texas), Moffit Cancer 
Center (Tampa, Florida), and three other institutions in the United States. Patients will 
be treated with a single injection of Delta-24-RGD or with a combination of Delta-24- 
RGD and interferon-gamma. Patients have already been enrolled at MD Anderson and 
Moffit. Unfortunately, it is too early to comment on any result from this trial. 
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6. Delta-24-RGD and Antitumor Immune Response 


The paradigm of cancer virotherapy is shifting. If we started our research decades ago 
thinking that virus-mediated oncolysis could eradicate a solid tumor, we are now learn- 
ing that another important component in the anticancer effect induced by oncolytic 
adenoviruses, and probably any other virus, is the triggering of an immune response 
against the infected and uninfected cancer cells of an inoculated tumor (Figure 1).°° 
This is not a straightforward theory and requires further investigation to be confirmed. 
Whereas adenoviruses are highly immunogenic and the immune response directed 
against viruses during an infection is deeply understood, the host immune response 
against cancer cells is not well understood. The shift of the immune response against 
viruses toward antigens expressed by cancer cells is not completely proven yet, at 
least in the clinical trial setting. However, we have plenty of sophisticated evidence 
from in vitro and animal studies suggesting that this may be the case. The infection of 
a cancer cell by an adenovirus is followed by the trigger of a massive and productive 
autophagy.” The role of autophagy in the infected cells is multifaceted and depends on 
the experimental conditions. Thus, in vitro, autophagy would never prevent adenovi- 
rus replication and it would participate in spreading the virus by playing a role during 
cell lysis.*°+! In fact, autophagy is so relevant for an efficient adenovirus-mediated 
cell lysis that cells deficient in autophagy display a deficient lysis.*° Thus, autophagy 
seems to have a provirus role as has been described during infection by other patho- 
gens.*? However, the role of autophagy in vivo may be different. In vivo, autophagy 
acts as part of the immune response machinery by degrading, processing, and present- 
ing epitopes to the immune cells.* In this regard, autophagy may complement the role 
of the immunoproteasome in the triggering of an antigen-mediated immune response 
in cells infected with adenovirus.*** This is true in the case of cells infected with the 
Epstein-Barr virus, because the Epstein-Barr virus nuclear antigen is predominantly 
generated in the autolysosomes.*° Further evidence was provided by studies of Delta- 
24-RGD in immunocompetent animal models. Jiang and collaborators reported that 
infection of murine gliomas results in the triggering of a systemic immune response 
that recognizes not only cells infected with adenoviruses but also cancer cells that 
have never been infected, which suggests that the adenovirus infection is followed 
by the presentation of cellular antigens to the immune system.** But what are the 
precise mechanisms that allow adenoviruses to elicit an antitumor immune response 
against tumor cells? The most supported hypothesis suggests that there is cooperation 
between the pathogen-associated molecular patterns (PAMPs) and the damage-asso- 
ciated molecular patterns (DAMPs). The hypothesis predicts that although PAMPs 
and DAMPs are generated by different sets of signals and produced to trigger two 
different immune responses, under certain circumstances, the two molecular pat- 
terns would not compete to elicit the specific immune response, but would cooperate. 
Strong evidence suggesting that this is the case comes from reports showing that 
DAMPs and PAMPs can share the same Toll-like receptors.*© We anticipate that over 
the next 5 years, virotherapy and immunotherapy specialists will determine the pre- 
cise mechanism that allows certain patients to transform an antiviral response into the 
most potent anticancer therapy. 
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7. ICOVIR Platform 


To increase the selectivity of replication associated with a deregulated Rb pathway, we 
developed a series of adenoviruses that combine tumor selectivity based on the deletion 
of the CR2 domain of E1A (such as in Delta-24 and Delta-24-RGD) with the tran- 
scriptional regulation of E1A using an exogenous promoter regulated by this pathway. 
We selected the promoter from transcription factor E2F1 because it was previously 
validated by other groups.*’“? This E2F1 promoter was of particular interest in the 
context of Delta-24 viruses because it reinforced the selectivity of Delta-24 based on 
the same Rb pathway commonly altered in tumor cells. Other promoters used to con- 
trol oncolytic adenovirus replication usually restrict the replication to specific tumor 
types, such as tyrosinase to melanoma, alpha-fetoprotein to hepatocellular carcinoma, 
or prostate-specific antigen to prostate cancer. To avoid interference with the enhancers 
located in the adenovirus ITR and EJA promoter, we insulated the E2F1 promoter 
using DM1 insulators.°° This virus (named ICOVIR2) was later modified by insert- 
ing a Kozak sequence before EJA to boost its translation (virus ICOVIRS)°! and with 
additional E2F-binding sites (virus ICOVIR7).°2 The DM1 insulators and the full E2F1 
promoter enlarged the virus genome to almost the packaging limit (38 kb). Therefore, 
to insert exogenous transgenes in these oncolytic adenoviruses with the E2F-based pro- 
moter, regulation of EJA had to be redesigned and only minimal E2F-binding sites were 
used to control EJA expression (virus named ICOVIR15).*° These binding sites were 
expanded only 150bp and allowed us to arm the Rb-dependent oncolytic virus with 
transgenes such as hyaluronidase to favor the spread of the virus through the tumor 
stroma (virus named ICOVIR17).°* We modified such a hyaluronidase-armed, Rb- 
dependent oncolytic virus with the insertion of an RGD at the fiber shaft instead of 
on the previous location at the HI loop of the knob (virus known as ICOVIR17K or 
VCNO01).°> This different localization of the integrin-binding RGD motif resulted in 
a lower infection of hepatocytes and a greater infection of tumor cells upon systemic 
administration of the virus.*° Preclinical work in mice and in hamsters, which allow 
more permissive human adenovirus replication than do mice, has shown that ICOVIR 
viruses are selective, cause minor toxicity problems (transaminitis) at up to 5x 10!%vp 
per animal, and have antitumor activity when given intravenously once. 


8. Clinical Experience with ICOVIR Viruses 


Nonarmed ICOVIRS (containing the Delta-24 mutation, the RGD at the fiber knob, 
the insulated E2F1 promoter, and the Kozak sequence before EJA) and ICOVIR7 
(with four additional E2F sites in the E2F1 promoter) were considered for clinical 
tests. ICOVIRS is currently being administered to metastatic melanoma patients by 
intravenous single administration (Trial NCT01864759). New treatment options based 
on immunotherapy with checkpoint inhibitor antibodies (anti-CTLA4, anti-PD1, and 
anti-PD-L1) have become available for this type of patient, which has had an effect on 
the recruitment of patients, by biasing patient selection in favor of choroidal melanoma 
(with common hepatic metastases) over cutaneous melanoma. Mild fever, vomiting, 
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asthenia, and thrombocytopenia have been observed at 1 x10!2vp or higher doses. 
Although no clear signs of efficacy have been observed so far (dose of 1x 10!3 vp), 
biopsy specimens of metastases have been analyzed for five patients, three of which 
have been positive for the presence of virus genomes, which indicates that systemic 
adenovirus can reach cutaneous and liver metastases. ICOVIR7 has been administered 
to 21 patients with a variety of metastatic solid tumors up to a dose of 1 x 10!? vp via 
intratumoral, intravenous, or intracavital single administration.’ Mild-to-moderate 
fever, transaminitis, anemia, hyponatremia, pain, and chills were commonly observed, 
and four patients had partial response or stable disease. 

To increase the delivery of the virus to tumors, ICOVIRS has also been admin- 
istered within cellular vehicles, in particular in autologous mesenchymal stem cells 
(MSC). These cells have a tropism toward tumor stroma when injected systemically.>® 
Because MSC are expanded in vitro for infection with ICOVIRS, the Rb pathway is 
inactive and the virus can replicate despite being normal cells. After ex vivo infection 
and irradiation (which affect cell viability but not virus propagation), infected MSC 
were infused intravenously into four children with metastatic neuroblastoma.°? One of 
these children had a complete response and is still in complete remission, 7 years after 
treatment (M. Ramirez, personal communication). This patient had a widespread and 
high tumor burden, and if lysis of tumor cells had been produced by the virus only, 
viremia and virus infection symptoms would have been observed, which was not the 
case. Therefore, it is likely that an antitumor immune response was the ultimate reason 
for the successful outcome. It is tempting to speculate that MSC could have attenuated 
the strong immune response elicited by the virus to allow a better immune response to 
tumor antigens. Harnessing the immunodominance of oncolytic virus antigens will 
likely be crucial to their successful use as immunotherapy tools. 

In addition to issues of systemic delivery and antiviral immunodominance, the poor 
diffusion of the virus within the infected tumor needs to be addressed for success- 
ful virotherapy. This poor diffusion represents a particular challenge in tumors with 
a dense stroma, such as pancreatic adenocarcinoma. We specifically developed an 
armed version of our Rb-pathway—dependent oncolytic adenoviruses to digest hyal- 
uronic acid, the major stroma component of the growing edge of tumors. Whereas 
collagen is more prevalent in inner desmoid tumor, the less dense granulation tis- 
sue of the growing edge of the tumor is richer in fibronectin and hyaluronic acid. 
ICOVIR17K (or VCNO1) is currently being tested in patients with different types of 
metastatic tumors by single intravenous administration (Trial NCT02045602) and in 
patients with nonresectable pancreatic cancer by single intratumoral administration 
(Trial NCT02045589). In the intravenous route trial, patients with antibody titers 
against human adenovirus type 5 higher than 1/320 were excluded to improve the 
possibility of reaching tumors. The extracellular matrix of glioblastoma is also rich 
in hyaluronic acid, and therefore ICOVIR17 or ICOVIR17K could be suitable for 
glioblastoma treatment. Taking into account that the evidence for the tumor-targeting 
properties of MSC injected in proximity to the glioblastoma tumor mass is better 
established than the evidence for tumor targeting of systemic MSC, the use of MSC to 
deliver oncolytic viruses to glioblastoma is particularly interesting. This strategy has 
been validated with ICOVIR17 in preclinical models of glioblastoma.°! 
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9. Conclusions and Future Directions 


Oncolytic adenoviruses have arrived in the clinical setting, and in the People’s Repub- 
lic of China, one E1B mutant adenovirus, termed H101, has been approved for use as 
conventional therapy for patients with head and neck tumors. This clinical approval was 
based on the results of a phase II trial performed in China, and although there has been 
some criticism about the design and number of patients and the exclusion of radiother- 
apy, the trial confirmed results from a phase II clinical trial using a similar virus and 
similar patients that was conducted in the United States. Second-generation oncolytic 
viruses, including Delta-24-RGD and ICOVIR, have also reached the clinical setting 
for a variety of cancers. On the basis of preliminary, and unpublished, results from these 
phase I trials, we predict that phase II and phase III trials will soon clarify the role of the 
host immune system in the antitumor effect elicited by the viruses. According to data 
now being collected by several groups in the United States and Europe, the role of the 
immune system activation that should follow a phase of tumor infection and oncolysis 
would be decisive in inducing partial and complete responses in patients treated with 
replication-competent adenoviruses. It therefore seems safe to predict that a set of 
clinical trials in the near future will test the combination of oncolytic adenoviruses 
with immune modulatory molecules including immune checkpoint inhibitors and 
stimulators. 
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The application of adenoviruses (Ad) as vectors for transgene delivery, vaccines, or 
oncolytic therapy is a promising approach for the treatment of a variety of clinically 
significant diseases. Adenovirus vectors form highly stable proteinaceous particles that 
can efficiently deliver foreign genetic material to both dividing and quiescent cells. 
Other advantages of Ad vectors as gene therapy tools include the capacity to deliver 
large therapeutic genes, the ease of genetic manipulations, the ability to produce large 
quantities of clinical-grade virus, and episomal replication of the vector genome. How- 
ever, the successful application of Ad vectors as a treatment in clinical settings has 
been hampered by the unexpected complexity of host—vector interactions. Interactions 
between the Ad vector and the host immune system in humans may result in severe 
clinical outcomes. One of the harshest setbacks in Ad vector research was caused by 
the death of a patient involved in a clinical trial in 1999.! The patient died owing to 
severe Ad vector—triggered toxicity, which resulted in multiple organ failure.” Clearly, 
detailed and thorough understanding of the host response to Ad vector administration 
is a crucial prerequisite for the successful and safe use of Ad vectors in humans. 

The availability of a variety of mouse strains that are deficient in genes involved in 
immune response allows for a thorough examination of the molecular mechanisms of 
host response in vivo. Although in vitro studies are important and required for certain 
experiments aiming to reveal cell intrinsic mechanisms of virus interaction with the 
host, they do not account for the complexity of the host. Therefore, they may lack 
critical factors that have an important role in guiding virus—host interactions in vivo. 
Study of Ad infection in vivo shows that Ad vector interactions with a host involve an 
intricate system of cellular receptors and soluble mediators that interact with different 
Ad vector capsid proteins. 

Intravenous Ad vector delivery for gene transfer purposes, especially at high doses, 
stimulates strong innate and adaptive immune responses that can prove fatal for the 
host.! Experiments in rodents showed that upon systemic Ad administration, vec- 
tor is rapidly sequestered from the bloodstream by the liver.’ The removal of Ad 
from circulation temporally coincides with the induction of transcription and release 
into the blood of proinflammatory cytokines and chemokines, including interleu- 
kin (IL)-6, tumor necrosis factor-a (TNF-a), CCL5, CXCL10, IL-8, CCL3, CCL4, 
and CXCL2.°-!3 Macrophages throughout the body, including tissue residential 
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macrophages (e.g., Kupffer cells in the liver), and dendritic cells are the principal 
source of these cytokines and chemokines.'* In human gene therapy trials, serum 
levels of IL-6 and IL-1 were elevated after intravenous Ad injection at high doses 
(2x 10!2-6x10!3 virus particles).!°-!7 Histological evaluation of tissues, including 
the lung, liver, and spleen, revealed areas of leukocyte and neutrophil infiltration and 
local necrosis,!°-!® which indicated that most, if not all, tissues in the body respond to 
intravenous Ad injection in a proinflammatory manner. 

Using microarray technology, it was demonstrated that Ad entry into cells alters 
expression of up to 15% of all messenger ribonucleic acid transcripts in mouse liver 
tissue or human epithelial cells.!°?° In mouse and nonhuman primate preclinical 
animal models, Wilson et al. showed activation of innate responses by transcription- 
ally defective Ad particles,!!*! indicating that the induction of innate immune and 
inflammatory responses occurs shortly after intravenous Ad vector delivery but before 
the initiation of viral gene expression. In later studies, a severe acute inflammatory 
response was also observed in a nonhuman primate model after intravenous injec- 
tion of a helper-dependent Ad vector that lacked all viral genes.2? These data provide 
clear evidence that the dose-dependent activation of innate immune and inflammatory 
responses to Ad occurs primarily as a result of Ad particle interaction with host cells 
and does not require viral gene expression. The importance of interactions of host cells 
with the Ad vector capsid before establishing a replication cycle suggests that the out- 
come of the Ad vector administration depends on early events after injection. There- 
fore, in this chapter we aim to summarize in vivo data of the molecular mechanisms of 
the events that occur immediately after intravenous Ad administration. 


1. Adenovirus Interactions with Blood Cells 
and Components of Plasma 


Systemic delivery of adenoviral vectors for the treatment of different inborn or 
acquired diseases requires use of an intravascular route of administration. Blood, 
however, possesses multiple means of protecting the host from viral pathogens. Dif- 
ferent soluble factors found in the plasma, such as neutralizing antibodies, natural 
antibodies, complement, coagulation factors, or defensins, can recognize viral inva- 
sion and either directly neutralize the Ad or activate an immune response against the 
administered virus.” Moreover, blood cells themselves represent a defense machin- 
ery that can bind and sequester Ad vector in the bloodstream. The interactions of Ad 
vector with blood components result in the activation of the host immune system, 
but they also affect vector biodistribution.” More than 90% of the administered Ad 
vector is sequestered by the liver, and blood factors have a significant role in Ad 
vector hepatotropism.”*+ Understanding the mechanisms of the interactions between 
Ad and blood components immediately after administration is important for under- 
standing the mechanisms of liver sequestration. It is conceivable that this awareness 
can lead to the development of more efficient targeting of the Ad to extrahepatic 
tissues and cell types. 
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Coagulation factors. The first record of the influence of blood coagulation factors 
on in vivo Ad biodistribution came from experiments with perfused mouse livers under 
asanguineous conditions.” We found that efficient hepatocytes transduction occurs 
only in the presence of the plasma and showed that human Ad 5 (HAd5) directly 
interacts with coagulation factor IX and other plasma proteins (C4BP, fibrinogen, and 
PZP).?> Factor IX is not the only coagulation factor able to support hepatocyte trans- 
duction by HAd5. Later, it was found that other vitamin K-dependent blood coagu- 
lation factors (FVII, FIX, FX, and protein C) can directly bind to HAd5 and mediate 
hepatocyte transduction.2° FX, however, had the most prominent effect on the effi- 
ciency of the hepatocytes transduction both in vivo and in vitro compared with other 
coagulation factors.” FVII, FIX, FX, and protein C are all vitamin K-dependent serine 
proteases with a common domain structure, but their zymogen activity is not required 
to mediate hepatocyte transduction.”° Interestingly, these factors also increase HAd5 
vector transduction efficiency in tissue culture (reviewed in Ref. 27). 

Detailed studies of the interaction of the HAd5 with FX revealed that FX binds to 
the hexon protein trimer on the HAd5 capsid. The cryo-EM studies showed that FX 
is bound at the top of each hexon trimer, and the entire virion surface is covered with 
molecules of FX.?8-31 Furthermore, it was shown that hypervariable regions (HVR) 
5 and 7 are involved in hexon—-FX interaction.*? Mutagenesis of HVR5 reduced the 
binding capacities of the hexon to FX, whereas the mutation in HVR7 T425A com- 
pletely ablated FX—Ad hexon interactions, which suggests that HVR7 has a crucial 
role in binding FX.” 

In addition to the enhanced hepatocytes transduction, the interaction of the hexon 
with FX has a significant role in triggering the host immune response. The FX binding 
to HAd5 activates the nuclear factor-«B—dependent inflammatory pathway through 
the TLR4-TRIF/MyD88-TRAF6 signaling axis, resulting in a release of proinflam- 
matory cytokines and chemokines.” In addition, the Ad species that were able to bind 
FX activated a significantly broader spectrum of chemokines and cytokines than those 
whose hexon proteins cannot bind FX. Thus, FX that is bound to the surface of the 
virion can be recognized as a pathogen-associated molecular pattern and trigger a host 
inflammatory response.?? 

On the other hand, a high concentration of FX in the plasma and its ability to bind 
to each hexon trimer on the viral surface may be used by the virus to shield the capsid 
from antibody recognition. Xu et al. showed that FX binding prevents Ad vector from 
recognition by natural immunoglobulin M (IgM) antibodies, helping to escape inacti- 
vation by the complement system.*° 

Antibodies and complement. Because of natural infections, most of the human 
population has preexisting neutralizing antibodies (NAbs) against HAd5, the most 
commonly used vector for gene therapy. The Abs target all of the three capsid proteins: 
hexon, penton, and fiber.*+3° Suggested mechanisms of neutralization include Ab-me- 
diated aggregation of viral capsids, blocking interaction of Ad vector capsid proteins 
with cellular receptors, and stabilizing the virion structure preventing proper uncoating 
after internalization.*° Depending on the target, the amount of NAbs required for neu- 
tralization varies from 1.6 to 240 Ab per virion.?®?7 Interestingly, some NAbs can 
affect postinternalization steps of virus infection. The monoclonal Ab 9C12 prevents 
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HAd5 infection by affecting capsid association to microtubules or microtubule motors, 
thus blocking virus trafficking to the nucleus.** 

As an alternative to direct neutralization by antibodies, Ad vectors in the 
bloodstream can be targeted by the complement system. Activation of both branches 
of the complement system, the classic and alternative pathways, can be detected 
by measuring C3a concentration in the plasma. Injection of Ad vector results in an 
increased level of C3a within 10 min after administration of the virus, which demon- 
strates that complement activation is a rapid process.*? However, complement activa- 
tion reaches a peak at 30min after Ad administration and then declines to a normal 
level in 90min.*° The mechanism of complement activation in response to Ad vector 
administration is not completely understood. In vitro studies demonstrated that C3a 
activation is absolutely dependent on the presence of natural IgM antibodies.” Con- 
trary to in vitro data, in vivo experiments showed that there is no requirement for nat- 
ural antibodies in complement activation.*° Also, the ts1 mutant, which cannot escape 
endosome after internalization, was unable to activate complement, which suggests 
that C3 in plasma cannot directly recognize Ad vector capsid and be activated on the 
virus surface under in vivo conditions.*? Endosome rupture and the reticuloendothelial 
system were critical for complement activation in vivo.*! However, in later studies, 
Xu et al. showed the importance of natural antibodies in complement activation in the 
absence of coagulation factor X, which shields the Ad capsid in the blood. Clearly, 
antibodies and complement have a significant role in Ad vector neutralization in the 
bloodstream; however, to date, the exact molecular mechanisms that mediate in vivo 
virus neutralization remain unknown. 

Defensins. Other blood host factors that can interfere with efficient Ad vector 
delivery are defensins. Defensins are small peptides (18—45 amino acids) expressed 
by neutrophils, Paneth cells, and epithelial cells. These cationic peptides target a broad 
range of pathogens, including bacteria, viruses, fungi, and protozoa.*? The amphi- 
philic nature of defensins allows them to target membranous pathogens and directly 
disrupt the membrane. Although Ad vectors do not have a membrane envelope, they 
are sensitive to defensins.** Smith et al. showed that alpha-defensins HNP1 and HD5 
have potent anti-Ad activity.“ The mechanism of HD5 antiadenoviral activity is based 
on the ability of the defensin to bind to the Ad vector capsid proteins, penton base, 
and fiber.*? HD5 binds to the disordered region on the penton base and the negatively 
charged EDES sequence in the N-terminal fiber region, thus reinforcing the penton 
and fiber vertex complex. Defensin binding to the Ad capsid stiffens and stabilizes the 
virion structure, resulting in an inability of capsid to release the penton and protein 
VI.“° The latter protein mediates endosomal escape of the Ad vector, and in its absence 
the Ad vector stays trapped in the endosome. 

Blood cells. Besides soluble factors, blood cells themselves have the means to 
interact and inactivate Ad. Erythrocytes represent the largest fraction of the cells in 
the blood. Interestingly, human but not murine erythrocytes express CAR, the Cox- 
sackie and Ad receptor*’*® that can interact with the HAdS fiber knob domain. Lyons 
et al.*? analyzed HAd5 interaction with human and mouse blood cells ex vivo and 
found that after a short incubation with blood cells, over 90% of the applied virus 
was stably associated with human (but not murine) erythrocytes. Moreover, human 
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erythrocytes express a complement receptor (CRI) that can mediate virus binding in 
the presence of human or murine plasma.*° Both of these receptors on the surface of 
human erythrocytes are efficient in binding and neutralizing Ad virions, thus preventing 
further virus dissemination and infection of other cells.” These data were confirmed 
by in vivo observations from clinical trials involving cancer patients, which showed 
that most of the administrated oncolytic Ad vector is associated with erythrocytes or 
granulocytes.°! 

Cotter et al.°* described interactions with neutrophils, the primary effector cells of 
the innate immune system. Using fluorescent and electron microscopy techniques, the 
authors demonstrated that Ad particles can bind primary human neutrophils and sub- 
sequently internalize. Binding to neutrophils depended on the presence of complement 
and antibodies and was reduced by blocking complement receptor or Fe receptors.** 

Another blood cell type that has been shown to interact with the Ad vector is platelets. 
Unlike neutrophils that are present in the circulation in high numbers only during 
times of acute host inflammatory response, platelets are constantly present in the 
blood in high numbers (1.5 x 10°—4.5 x 10° platelets/ml) and are an essential part of 
the blood coagulation system. Several groups showed that Ad vector administration 
in mice leads to clearing of platelets, which results in thrombocytopenia.>>* Othman 
et al.>> reported that platelets can internalize Ad, unlike inert latex particles that were 
able to induce internalization only after platelet activation with adenosine diphosphate 
(ADP).>° Moreover, Ad5 induces platelet—leukocyte aggregate formation in mice in a 
von Willebrand factor-dependent manner. However, the inert latex particles could not 
induce aggregates formation even in ADP-activated platelets.°>.° 

Moreover, platelets interaction with Ad vector in blood facilitated virus sequestra- 
tion by the liver reticuloendothelial system. It was proposed that virus—platelet aggre- 
gates are trapped in the liver sinusoids and are further taken up and degraded by the 
Kupffer cells.°° Depletion of platelets before intravascular Ad administration reduced 
Ad vector sequestration to different organs, thus demonstrating the importance of this 
interaction in vivo.>° The mechanism of platelet recognition of Ad is unclear; however, 
78% of human platelets are positive for the Ad5 receptor, CAR.” On the other hand, 
Ad11 associates with platelets to a much higher degree than Ad5, and this interaction 
occurs in a fiber-independent manner.*’ Together with the observation that platelets 
cannot be activated by inert latex particles°> or PEGylated Ad5 vector,>* these data 
suggest a novel and still uncharacterized mechanism that likely mediates Ad interac- 
tions with circulating blood cells. 


2. Adenovirus Interactions in the Liver 


Undoubtedly, Ad vectors represent a highly attractive platform for gene therapy; how- 
ever, they also possess several undesirable characteristics. Intravenously delivered Ad 
vectors display strong hepatotropism: more than 90% of administered Ad vector is 
sequestered by the liver.^ Interactions between the Ad vector and liver cells lead to 
clinically significant hepatotoxicity and represent a major limitation for gene delivery 
to extrahepatic cells and tissues, such as disseminated metastatic tumors. Dissecting 
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Ad interactions with host factors will further our understanding of the molecular 
mechanisms that dictate Ad biodistribution and identify targets for manipulation of 
Ad vectors for future clinical use. 

Liver sequestration of intravenously administrated Ad is a remarkably rapid pro- 
cess. The half-life of injected HAd5 in the bloodstream is 2 min. Within 30 min after 
intravascular injection, the liver traps 99% of the injected Ad, eliminating it from 
the bloodstream. Kupffer cells, the residential macrophages in the liver, are respon- 
sible for most (about 90%) of viral uptake from the blood. Other liver cells, such 
as hepatocytes and liver sinusoidal endothelial cells (LSECs), uptake the vector to a 
much lesser degree: 6%, and 2% respectively.”* The rest of the administered Ad vector 
is likely trapped in the Disse space. Interestingly, despite taking up massive amounts 
of the virus, Kupffer cells do not support Ad replication or expression, but degrade the 
trapped virus.’ In the liver, 90% of viral DNA is rapidly degraded in the first 24h. This 
process requires an intact viral capsid and is independent of the immune status of the 
mice.® Another striking detail of Ad uptake by the liver is that it does not depend on 
the function of the Ad receptor, CAR.°?° Moreover, despite use of different cellular 
receptors, the amount of Ad5 and Ad11 DNA in the liver at 30 min postadministration 
was comparable.°’ Unlike Kupffer cells, hepatocytes support vector transduction and 
express substantial amounts of the transgene, although the level of expression declines 
over time.”-°! Different fates of the vector DNA in different cell types suggest that 
recognition of the vector by these cells is mediated by diverse mechanisms. Indeed, 
studies show that the Ad vector can interact with an array of different factors in the 
bloodstream, and these complex interactions dictate the Ad biodistribution in vivo. 
These factors include cellular receptors, intact viral capsid proteins, and soluble 
blood factors that may bridge an Ad particle to cellular surface molecules on hepatic 
cells.24:26.62 

Kupffer cells. Upon intravascular delivery, most of the virus in the liver is seques- 
tered by Kupffer cells.” Although Kupffer cells can accumulate large amounts of 
blood-borne Ad, virus entry into Kupffer cells does not lead to their transduction, 
which suggests that Kupffer cells are a poor host for Ad propagation. However 
Kupffer cells have a limited capacity for virus uptake, and after reaching the limit, 
they cannot longer accumulate more virus.® As a result, the excess of the virus can 
transduce other liver cells such as hepatocytes and LSECs.”* Tao et al. showed that the 
threshold can be reached with a single dose of the virus by injecting more than 1 x 10!! 
particles per mouse.’ In addition, the saturation limit can be achieved by two separate 
administrations of the Ad vector. If a second dose of Ad vector is given after just 5 min, 
Kupffer cells are unable to uptake the second dose of the injected virus.’ The inability 
of Kupffer cells to uptake the second Ad dose leads to enhanced hepatocyte transduc- 
tion efficiency and higher levels of transgene expression.? The same effect of higher 
hepatocytes transduction can be achieved if Kupffer cells are depleted or functionally 
blocked. 

The mechanisms of virus sequestration by Kupffer cells are not completely under- 
stood. Kupffer cells function as blood filters and sense foreign particles by recognizing 
certain molecular patterns. Kupffer cells can uptake inert latex particles, which sug- 
gests that they can discriminate foreign material based on size. However, inactivated 
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virus particles were sequestered by the liver at lower rates than a native virus, which 
suggests that capsid protein interactions are important for Kupffer cell sequestration.® 
The Ad receptor, CAR, which is required for transduction of cell in vitro, was also dis- 
pensable for Kupffer cell uptake.°? Moreover, the RGD motif within the penton base 
on the virus capsid that engages 038, 058);, ayB;, ayB3, and a,ßs integrin molecules on 
the cellular surface was also unnecessary for Kupffer cell uptake.?* 

Since finding that the Ad5 virion can interact with coagulation factor IX and C4BP 
(one factors of the complement system) in the bloodstream,”> the search for factors 
that are required for liver uptake has shifted to blood components. Xu et al. showed 
that scavenger receptors, natural antibodies, and complement have a significant role in 
virus uptake by Kupffer cells.° 

Scavenger receptors have a variety of functions, one of which is recognition and 
removal of foreign materials from the circulation. They can recognize negatively 
charged clusters that are usually associated with oxidized lipids, the products of 
metabolism.*’ It is conceivable that the negatively charged hypervariable region 1 
(HVR1) of the hexon protein on the surface of the virion can be recognized by scav- 
enger receptors. However, mice lacking one of the major scavenger receptors, SR-A, 
demonstrated no difference in Kupffer cells uptake of Ad compared with mice in 
which Kupffer cells expressed SR-A.° Recently it was shown that scavenger recep- 
tors ES-1 in Kupffer cell can have a role in Ad uptake.®? Peptides that target and 
inactivate these receptors increased hepatocytes transduction efficiency, which sug- 
gests a blockage of Kupffer cell uptake of the Ad vector.’° The importance of natural 
antibodies in Kupffer cells uptake also gained more evidence. Khare et al. showed 
that antibodies targeting HVR1, 2, 5, and 7 of the hexon protein on the surface of Ad 
capsid have a significant role in Kupffer cell uptake.’!-”* Complement importance was 
also supported by finding that CRIg is the receptor on Kupffer cells that mediates early 
response to Ad vector administration." Taken together, these data show that the key 
components for Kupffer cell sequestration of Ad include native hexon protein: in par- 
ticular, HVR1, 2, 5, and 7; complement; natural antibodies; and scavenger receptors. 
However, the molecular details of how all of these seemingly distinct components of 
the virus—host interactions come into play remain unclear. 

After uptake, Kupffer cells release an array of proinflammatory cytokines and chemo- 
kines. Within 1h after Ad administration, IL-1a, IL-16, granulocyte macrophage-—col- 
ony-stimulating factor (GM-CSF), CCL1, CCL4, CCL11, CXCL1, and CXCL2 are 
elevated in the plasma.!° However, Kupffer cells themselves respond to the Ad vector 
uptake drastically; they undergo severe cytosolic disorganization within 15min of Ad 
administration and die via necrotic type cell death.”74 Di Paolo et al. found that the 
mechanism of Kupffer cell death does not depend on known principal mediators of 
canonical necrotic or apoptotic cell death programs. They found that IRF3 is a nonre- 
dundant factor required for Ad-mediated Kupffer cell death. Interestingly, neither 
known IRF3 upstream activators nor IRF3 phosphorylation at S396 that signals its acti- 
vation as a transcription factor was required for Kupffer cell death.’”* Moreover, IRF3 is 
known for activation of type I interferon (IFN) signaling; it has transcriptional activities 
and can activate expression of IFN-dependent genes.’> However, these processes did 
not have a role in IRF3-mediated Kupffer cell death after Ad vector administration. 
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The most striking detail of the Kupffer cell death is timing: 15min after Ad vector 
administration, Kupffer cells were positive for propidium iodine in the nuclei, an indi- 
cator of cellular membrane disruption.” Interestingly, Kupffer cells in IRF3~ mice 
did not undergo necrosis despite comparable Ad uptake. Also, the Ad ts1 mutant that 
can bind the cell surface and internalize but is unable to escape the endosome did not 
induce Kupffer cell death.’* The authors also showed that this suicidal mechanism of 
Kupffer cell death is a protective measure of the host defense against viral invasion. 
In IRF3~~ mice, Kupffer cells that did not undergo cell death had higher viral load.’”* 
In summary, Kupffer cells in the liver represent the first line of host defense against 
blood-borne pathogens by taking up the virus through various mechanisms including 
scavenger receptors, natural antibody, and the complement system. If the amount of 
virus exceeds the threshold, Kupffer cells trigger defensive suicide necrotic cell death, 
killing the virus within them and preventing virus dissemination. 

Hepatocytes. Sequestration of the Ad by Kupffer cells after its intravascular deliv- 
ery is not the only mechanism responsible for the uptake of blood-borne Ad in the liver 
(Figure 1).?* The virus that escapes Kupffer cell sequestration and is covered by coagulation 
FX can transduce hepatocytes, the main type of cells in the liver parenchyma.**+7° 
Factor X can bind to heparan sulfate proteoglycan molecules that are scattered on the 
surface of hepatocytes and can mediate attachment of Ad-FX complexes.’° Unlike 
Kupffer cells, hepatocytes allow for viral replication and Ad can transcribe its genome 
and start the replication cycle. The hepatocyte transduction is an efficient process; it 
is possible to reach expression of virally encoded transgenes in nearly 90% of hepato- 
cytes depending on the virus dose.?™6! However, the level of transgene expression 
steeply declines with time, and by 2 weeks after Ad administration no expression can 
be detected in immune-competent hosts.” One reason for the decline in transgene 
expression is elimination of infected cells by cells of the adaptive immune system, 
namely cytotoxic lymphocytes (CTLs). In a comprehensive study by Wohlleber et al., 
it was shown that CTLs target and eliminate infected hepatocytes.’* Interestingly, 
the classical priming of CTLs by dendritic cells was not required for elimination 
of the infected hepatocytes. Instead, LSECs were able to uptake viral antigens and 
cross-present them to the CTLs, thus priming them to kill infected hepatocytes.’* No 
less intricate was the mechanism of killing, which was mediated by TNF-a; how- 
ever, only infected cells were sensitized to TNF-a. By an unknown mechanism, only 
virus-infected cells were expressing caspase 3 and its presence enhanced TNF-a sig- 
naling, resulting in the elimination of infected cells.’® 

Liver sinusoidal endothelial cells. Similar to hepatocytes, LSECs are permis- 
sive for Ad replication.2+ The mechanism of Ad vector uptake in LSECs depends 
on integrins expressed on the cell surface.” The RGD motif in Ad penton func- 
tions as a moiety that binds cellular integrins during Ad cell entrance.’?8° Integrins 
mediate capsid internalization in many cell lines; however, they can also mediate 
both capsid attachment to the cell surface and internalization of Ad inside the cell.*° 
Structural studies demonstrated that engagement of the RGD motif with integ- 
rin molecules leads to structural relaxing of the Ad virion, thus allowing for partial 
capsid disassembly.*°*! The exact mechanism of LSECs transduction is not com- 
pletely understood, but the importance of the integrins was shown by Di Paolo et al.* 
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Figure 1 Model of mechanisms of immune-mediated inactivation of adenovirus after 
intravascular delivery. After intravascular Ad administration, soluble blood factors interact 
with Ad and facilitate clearing of virus particles from the blood. Most of the injected virus is 
sequestered by liver residential macrophages, Kupffer cells, which undergo cell-autonomous 
IRF3-dependent necrosis. Hepatocytes absorb blood-borne Ad particles in an FX-dependent 
manner. Liver sinusoidal endothelial cells can prime cytotoxic T lymphocytes by cross-present- 
ing the virus antigens, leading to elimination of infected hepatocytes. In the spleen, MARCO+* 
and CD169* marginal zone macrophages activate IL-1a-IL-1RI signaling and complement 
that recruit neutrophils, which eliminate virus-containing cells. In both tissues, the functional 
consequence of host response to Ad is elimination of virus-containing cells and restriction of 
systemic virus spread. FX, coagulation factor X; LSECs, liver sinusoidal endothelial cells; 
HSPGs, heparan sulfate proteoglycans; CTLs, cytotoxic T lymphocytes; MZ, marginal zone; 
MF, macrophages; PMNs, polymorphonuclear neutrophils. 


The authors demonstrated that LSECs in mice deficient in $3 integrins were unable to 
internalize Ad capsid. Accordingly, a virus with deleted RGD motif, AdSARGD, was 
not recovered from LSECs.”* 

Di Paolo et al. proposed a model for sequestration of blood-borne Ad in the liver.”4 
This model suggests that a defined set of specific molecular mechanisms become 
engaged in a redundant, synergistic, and orderly manner to ensure the clearance of 
blood-borne Ad from the circulation. When small amounts of Ad particles appear in 
the blood, virus trapping by Kupffer cells works as a dominant mechanism, mediating 
Ad sequestration in the liver. When the Ad dose exceeds the capacity of Kupffer cells, 
hepatocytes absorb blood-borne Ad particles in a blood factor-dependent manner, 
serving as a second dominant mechanism mediating sequestration of blood-borne Ad. 
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However, when the Ad dose is high and both Kupffer cells and blood factor pathways 
are inactivated, LSECs and the anatomical architecture of liver sinusoids become the 
third line of defense that sequesters Ad particles in an RGD motif-dependent manner. 

Liver sequestration independence from in vitro-identified Ad fiber-specific recep- 
tors, the rapid Kupffer cells response to the Ad administration, and the engagement of 
host factors that recognize Ad prior established replication cycle suggest that mech- 
anisms of virus clearance from the blood are likely decoy pathways that ensure the 
removal of pathogens from circulation to prevent their dissemination into other tissues. 


3. Adenovirus Interactions in the Spleen 


The spleen is the largest secondary lymphoid organ in the body that is responsible 
for orchestrating immune responses to blood-borne antigens. Another function of the 
spleen is removal of old and damaged red blood cells. The spleen consists of two 
compartments that are functionally and anatomically distinct: the red pulp and the 
white pulp. The red pulp functions as a blood filter and removes damaged erythro- 
cytes and foreign material. The white pulp is composed of three compartments: the 
periarteriolar lymphoid sheath, the follicles, and the marginal zone (MZ).*? Blood 
that enters the marginal sinus and MZ percolates through the MZ and flows either 
directly into the venous sinuses or goes into the red pulp. About 5% of the intra- 
venously administered Ad is sequestered by the spleen.* In the spleen, the virus is 
captured by CD169+ and MARCO* macrophages in the MZ.68 Within 10min after 
Ad administration, MARCO? macrophages activate transcription of proinflammatory 
cytokines and chemokines IL-la, IL-1B, and CXCL1.°* The alacrity of the response 
suggests that MARCO? macrophages are activated by sensing early steps of viral inva- 
sion, most likely virus attachment or internalization. Indeed, MARCO? macrophages 
did not trigger cytokine transcription in response to AdSARGD virus administration.°* 
AdSARGD has a deletion of an RGD motif in the penton protein and is incapable of 63 
integrin binding.®° Furthermore, the Ad ts] mutant that can adhere to the cell surface 
and can be internalized but is incapable of escaping endosomes was not able to activate 
a full-scale immune response.°* These data suggest that MARCO+ macrophages trap 
the virus from the bloodstream and activate an immune response immediately after 
virus attachment to cell surface integrins. However, if the signal of virus attachment is 
coupled with endosomal membrane damage, the immune response can be drastically 
amplified.°* Interestingly, MARCO* macrophages containing the virus undergo dras- 
tic cytosol rearrangement and display severe distortions of mitochondria that result in 
cell elimination within 24h.** Surprisingly, IRF3, the key player in triggering Kupffer 
cell death in the liver,’* was not required for MARCO* macrophage death. Moreover, 
unlike Kupffer cells, MARCOt macrophages did not accumulate propidium iodine, 
which suggests that the cellular membranes stayed intact and necrotic cell death pro- 
grams were not activated in MARCO? macrophages upon their interaction with Ad.** 

Marginal zone macrophages that trap Ad particles from the blood initiate 
release of IL-la, which in turn signals through IL-1R and activates production 
of both CXCL1 and CXCL2 in the spleen. CXC family chemokines, CXCL1 
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and CXCL2, are among the most potent chemoattractants that stimulate neutro- 
phil migration and activation.*° Indeed, after Ad administration, bone marrow 
responded with the release of great numbers of polymorphonuclear leukocytes 
(PMNs) into the bloodstream. Interestingly, about a third of all released PMNs 
were retained in the MZ of spleen in close proximity to MACRO* macrophages.®® 
However, the solely chemokine signaling was not sufficient for PMNs retention 
in the spleen. The authors found that complement component C3 cooperated with 
IL-la—dependent signaling in retaining PMNs in close proximity to MACROt 
macrophages.°* Neutrophils, together with circulating monocytes and tissue mac- 
rophages, are professional phagocytic cells that form the effector arm of innate 
immunity. Although both PMNs and macrophages can efficiently engulf and 
destroy extracellular pathogens, their effector mechanisms are distinct and nonre- 
dundant. The PMN migration and retention in the splenic MZ and their localization 
in proximity to Ad-containing MARCO* macrophages result in an elimination of 
the virus-containing cells from the MZ.*° 

Another type of signaling that is involved in PMN retention in the MZ is TLR4- 
dependent. It was found that mice that are deficient in TLR4 even with uncompromised 
IL-1a signaling cannot retain PMNs in the spleen MZ.” As a result, the PMNs are 
unable to clear the virus-containing cells, which leads to higher viral load.2° The 
molecular mechanism of TLR4-dependent PMNs retention in the MZ is not clear and 
requires further investigation. 


4. Adenovirus Interactions in the Lungs 


After intravascular injection of Ad in mice, less than 1% of the injected virus can be 
recovered from the lungs owing to highly efficient virus sequestration by liver and 
spleen macrophages. However, if a preexisting liver condition exists, such as liver 
cirrhosis, which results in redistribution of phagocytic macrophages from the liver to 
other tissues,*” lungs become one of the major organs accumulating Ad.** In exper- 
iments with animals with cirrhotic livers, Smith et al. showed that biodistribution of 
the injected Ad dramatically shifted toward the lungs instead of the liver, whereas 
virus accumulation in other organs was not significantly changed.*® In the lungs of 
the cirrhotic animals, the virus accumulated in the pulmonary intravascular macro- 
phages (PIMs). In rodents and humans, PIMs are not constitutively present in the 
lungs. However, they can be induced by different conditions, for example, during liver 
cirrhosis (reviewed in Ref. 89). Interestingly, redistribution of the virus to the lungs 
did not result in higher transgene expression in the pulmonary tissue, which sug- 
gests that viral DNA in the PIMs was degraded before transcription of the genome.*® 
In addition, after Ad administration, cirrhotic rats had higher mortality, most likely 
because of severe pulmonary hemorrhagic edema, and an increase in IL-6 and TNF-a 
compared with healthy rats.°° 

Whereas PIMs are located on the vascular side in the lungs and are not constitu- 
tively present in many species including humans and rodents, alveolar macrophages 
are residential lung macrophages that survey the respiratory epithelial surface.°! 
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Alveolar macrophages rapidly uptake intratracheally administrated Ad.°”°> Uptake 
by the macrophages seems to depend on surfactant proteins present in the alveoli. 
Alveolar macrophages in mice deficient in major surfactant protein, SP-A, did not 
efficiently uptake the virus from the lumens.°* In response to Ad uptake, alveolar 
macrophages but not airway epithelial or vascular endothelial cells were able to acti- 
vate production of proinflammatory cytokines (TNF-a, IL-6, MIP-la, and CXCL2) 
as early as 30 min after administration.?* Similar to macrophages in the liver, alve- 
olar macrophages are not permissive for Ad vector replication and do not express a 
transgene encoded by the virus. Instead, they accumulate the virus and degrade viral 
DNA.” Degradation of viral DNA is a biphasic process. During the early phase, 
the alveolar macrophages degrade approximately 70% of the Ad DNA. This deg- 
radation is independent of the T-cell immune status of mice and occurs within 24h 
after virus administration.” The remaining Ad DNA degrades slowly during several 
days or weeks after virus administration. This second phase of degradation depends 
on the functions of CD8* T cells that target Ad-infected cells.?> Unlike alveolar 
macrophages, other lung cell types such as airway epithelial, alveolar lining, and 
adventitial cells can be effectively transduced by Ad and express a transgene from 
2 to 14days after Ad delivery.’ Interestingly, similar to the liver, the absence of 
alveolar macrophages allows for enhanced transduction of other lung cell types with 
an increase in viral DNA levels and amplified transgene expression.’ In addition, 
immune deficiencies in CD8* T cells result in prolonged expression of a transgene 
encoded by the Ad vector.°> 

In summary, intravascular Ad delivery causes a complex response of the host innate 
immune system. Numerous studies of virus biodistribution after intravascular injection 
have shown that over 90% of administered virus particles accumulate in the liver and 
spleen. The mechanisms of Ad vector sequestration depend on the interplay of host 
factors that can promote vector uptake and transduction or neutralize the virus. Differ- 
ent organs with their residential macrophages respond to Ad vector administration in a 
similar fashion that is aimed at eliminating invading pathogens. Although the molecular 
mechanisms of elimination are slightly variable, they all culminate in death and removal 
of virus-containing cells. After trapping Ad particles from the bloodstream, liver resi- 
dential macrophages, Kupffer cells, undergo IRF3-dependent necrosis. In the spleen, 
MARCOt MZ macrophages activate IL-1a-IL-1RI—dependent proinflammatory cyto- 
kine and chemokine production. Cooperation of chemokines CKCL1 and CXCL2 with 
complement factor C3 results in recruiting and retaining PMNs in the splenic MZ in 
close proximity to virus-containing MARCOt macrophages. Activated PMNs eliminate 
both the virus and virus-containing cells. In the lungs, PIMs or alveolar macrophages 
sequester Ad and release proinflammatory cytokines attracting and activating CD8* 
T cells that eliminate virus-infected cells. Collectively, cooperation of tissue macro- 
phages, PMNs, and CTLs results in effective elimination of the virus from the blood 
and Ad-transduced cells from the tissues. If Ad-mediated therapy is to be successful, 
effective strategies need to be devised that prevent Ad interaction with a network of 
circulating humoral factors and both innate and adaptive arms of the immune system. 
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1. Introduction 


Although adenoviruses are efficient vectors for in vivo gene therapy, antibodies can 
be a major barrier. Even in animals that have never been exposed to adenoviruses, 
innate natural immunoglobulin M (IgM) antibodies can significantly inhibit the effi- 
ciency of gene therapy with adenovirus vectors.! The adaptive immune system is also 
strongly activated by adenoviruses, leading to capsid-specific antibodies that are often 
highly inhibitory.2~> Numerous studies have examined the in vitro and in vivo impact 
of antibodies against the three major capsid proteins that are exposed on the surface of 
the virion: hexon, fiber, and penton. Whereas antibodies to each of these proteins can 
impair the ability of an adenovirus to infect cells in vitro, antibodies to hexon have the 
most impact in vivo for both gene therapy and vaccine applications.*!! 

Serology has historically been an important tool for distinguishing adenovirus 
serotypes and for diagnosis of adenovirus infections, although deoxyribonucleic acid 
(DNA)-based methods are now more common. Each adenovirus type is serologically 
unique, and the major type-specific antigenic determinants are on hexon and fiber. 
Type-specific antifiber antibodies can be identified using hemagglutination inhibi- 
tion assays, because these antibodies prevent interaction of fiber with receptors on 
erythrocytes.!? Antibodies against hexon are especially useful in classifying adeno- 
viruses, and antihexon antibodies may be either type specific (e.g., human adeno- 
virus 5), species specific (e.g., human adenovirus C, consisting of types 1, 2, 5, and 
6), or even genus specific (Mastadenovirus).'7-'> Type-specific hexon antibodies are 
directed against the hexon hypervariable regions, which are presented on the outside 
of the capsid and have significant diversity among serotypes.!°!* In contrast, species- 
specific and genus-specific antibodies recognize more conserved parts of hexon, many 
of which are inaccessible epitopes that are exposed only after hexon is dissociated 
from the capsid. Type-specific antibodies against hexon can neutralize virus infec- 
tivity. In contrast, species-specific and genus-specific antibodies cross-react against 
hexons from related adenoviruses in binding assays such as enzyme-linked immuno- 
sorbent assays (ELISAs) but do not neutralize virus. !°-?! 

Engineering adenovirus vectors that can avoid antibodies are an important goal for 
increasing the efficiency of gene therapies, and there has been considerable progress 
using genetic and chemical methods that alter the surface of virions to prevent rec- 
ognition by antibodies. This chapter surveys the most promising of these methods. 
First, however, the chapter reviews how antibodies inhibit adenoviruses, in particular 
the mechanisms through which antibodies work in vivo. This knowledge provides the 
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foundation for the rational design of more effective adenovirus vectors. Although this 
chapter focuses on gene therapy, studies of vaccine vectors and wild-type adenovirus 
infection will also be reviewed because they, too, shed considerable light on how anti- 
bodies affect adenovirus gene therapy. 


2. Mechanisms of Antibody Action 
2.1 Neutralization 


Antibodies can interfere with adenoviral infection through multiple mechanisms, but 
neutralization is by far the easiest of these mechanisms to measure in vitro. Neutral- 
ization assays involve mixing antibody and virus together, then assaying the ability 
of the virus to infect or transduce cells. Neutralizing antibody titers are widely used 
as a surrogate measure of anti-adenoviral immunity in vivo. For example, in recip- 
ients of adenovirus type 4 and 7 vaccine, neutralizing antibody titers correlate well 
with protection against infection.” Although neutralization is simple to measure, it 
is a surprisingly complex phenomenon that can involve blocking of virion binding to 
receptors, aggregation of virions, or novel interactions of antibody-coated virions with 
proteins in the cytoplasm. 

Adenovirus capsids contain three proteins that are accessible to antibodies: hexon, 
penton, and fiber. Although each of these proteins can be the target of neutralizing anti- 
bodies, the efficiency of neutralization varies considerably. Antibodies against penton 
can interfere with viral entry into cells,” likely because penton contributes to viral 
internalization.” However, antipenton antibodies neutralize relatively poorly overall, 
and virions coated with antipenton antibodies can still enter cells through alternative 
mechanisms.” Antibodies to fiber can neutralize adenovirus by cross-linking virions 
into aggregates, as well as by inhibiting binding or entry into cells.?>?526 In addition, 
antibodies against fiber and penton neutralize synergistically.*” 

Antihexon antibodies are typically much more potent for neutralization than anti- 
bodies against other capsid proteins.!°!!2°28 Neutralization by antihexon antibod- 
ies can occur by a single-hit mechanism that requires as little as 1.4 antibodies per 
virion.2°29 Antibodies against hexon clearly work through different mechanisms than 
antibodies against penton and fiber, because antihexon antibodies fail to aggregate 
virions and do not block attachment of virions to cells.2°>° Unlike antipenton or antifi- 
ber antibodies, antihexon antibodies can neutralize even if they are added after virions 
have already attached to cells.” Taken together, this evidence strongly suggests that 
antihexon antibodies act primarily by neutralizing virions inside cells. 

How can antibodies against hexon neutralize virions intracellularly? Early studies 
suggested that antihexon antibodies impair penetration of virus from endosomes into 
the cytoplasm?® and that they block the transport of virus along microtubules to the 
nucleus.*! It seems likely that antibodies against hexon can interfere with adenovi- 
rus infection by multiple mechanisms, especially when high concentrations of anti- 
bodies are used. However, groundbreaking studies have identified the predominant 
mechanism for neutralization by antihexon antibodies: an intracellular Fe receptor— 
TRIM21—recognizes antibody-coated virions in the cytoplasm and targets the virions 
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for destruction.’ Studies of TRIM21-dependent neutralization have so far focused 
on adenovirus as a model system, but TRIM21 seems likely to have a similar role 
in antibody-dependent intracellular neutralization of other nonenveloped viruses, and 
even certain bacteria.** 

TRIM21 is a tripartite motif (TRIM)* protein that can bind the Fe region of Immu- 
noglobulin G (IgG) with high affinity.’ TRIM21 is also known as Ro52, and was 
first identified because it is a common target of autoantibodies in Sjogren syndrome 
and other systemic autoimmune diseases.?”38 The interaction between TRIM21 and 
IgG is highly conserved in mammals, and TRIM21 from one species can bind IgG 
from a variety of other species.” TRIM21 binds to the Fe region of IgA with lower 
affinity than TRIM21 binds to Fc region of IgG, but IgA directed against hexon can 
still mediate TRIM21-dependent neutralization.*° 

After antibody-coated adenovirus enters cells, virions rapidly colocalize with 
TRIM21 in the cytoplasm.*! How does TRIM21 inhibit infection by antibody-coated 
adenovirus? Like other TRIM proteins, TRIM21 has multiple domains: the PRYSPRY 
domain of TRIM21 binds to Fc,’ and the RING domain is an E3 ubiquitin ligase.+! The 
RING domain mediates autoubiquitination of TRIM21 and is essential for TRIM21 to 
mediate neutralization.*! Ubiquitination is a signal that targets proteins to the protea- 
some for degradation, and indeed antibody-coated adenovirus is degraded rapidly inside 
cells in a manner that requires both the proteasome and TRIM21.*! Because the prote- 
asome is unable to degrade large proteins without help, TRIM21-dependent neutraliza- 
tion also requires the unfoldase valosin-containing protein (VCP).*?*> Thus, efficient 
intracellular neutralization requires TRIM21 binding to antibody, TRIM21 autoubiquiti- 
nation, VCP unfoldase activity, and the protein-degradation activity of the proteasome. 

Although TRIM21 is undoubtedly a key mediator of neutralization by antihexon 
antibodies, there must also be other mechanisms. Antihexon antibodies retain some 
neutralizing activity even when the Fc region is mutated to abrogate TRIM21 bind- 
ing.?° Similarly, antihexon antibodies can neutralize adenovirus in cells from Trim21 
knockout mice, although neutralization in knockout cells is much less effective than 
in wild-type cells.*° 

As mentioned, neutralization by antihexon antibodies requires only slightly more 
than a single antibody per virion, but this is under optimal conditions.?°.?? Interest- 
ingly, neutralization in cells that express low amounts of TRIM21 requires more anti- 
body per virion than in cells that express high amounts of TRIM21, and upregulation 
of TRIM21 expression by type I interferon (IFN) substantially increases neutralization 
by antibody.?°*! In addition, TRIM21 appears to become saturated at high antibody 
concentrations or high virus concentrations.2? The saturable nature of the TRIM21 
pathway may help to explain the phenomenon of the persistent fraction, which is the 
longstanding observation that it is impossible to neutralize 100% of virions even at 
high concentrations of antibody. In sum, the amount of TRIM21 expression is a criti- 
cal determinant of neutralization, and thus the effectiveness of neutralization depends 
not only on antibody, but also on the state of the cell being infected. 

During adenoviruses infection, cytoplasmic DNA sensors detect the adenovi- 
rus genome and induce type I IFN.** However, adenoviruses produce proteins and 
transcripts that actively interfere with IFN-induced antiviral mechanisms, and thus 


370 Adenoviral Vectors for Gene Therapy 





adenovirus replication has only moderate sensitivity to IFN.*°~*8 It is known that IFN 
synergizes with antibodies to suppress replication of adenovirus and other viruses: 
IFN and antibody together inhibit replication more than either IFN or antibody 
alone.*? The mechanism for this synergy (at least for adenovirus) is now known to be 
IFN upregulation of TRIM21.*! Therefore, although IFN is best known for inducing 
cellular proteins that directly inhibit viral replication, IFN has an additional indirect 
antiviral effect by inducing TRIM21, which sensitizes cells to antiviral antibodies. 


2.2 Beyond Neutralization: Other Mechanisms of 
Antibody Action 


Although neutralization assays may be the easiest way to measure the antiviral activity 
of antibodies, neutralization should not be mistaken for being the only way that antibod- 
ies inhibit adenovirus, or assumed to be the most important activity for in vivo antibody 
function. Antibody-coated virions engage multiple additional antiviral mechanisms, 
including redirecting virions to plasma membrane Fcy receptors (FcyR), activation of 
complement, and augmented proinflammatory responses. These multiple mechanisms 
are likely to contribute synergistically to the antiviral effects of antibodies in vivo. 

Fcy receptors on the plasma membrane of cells bind to IgG-coated virions and can 
change both the cellular tropism and the intracellular fate of virions. Immunoglobulin 
G antibodies retarget adenovirus to FeyR-expressing cells of the innate immune system 
such as neutrophils, macrophages, and dendritic cells.50-53 Fey receptor—bound virus 
can also undergo altered trafficking within cells; in macrophages, antibody-bound 
virus is targeted to phagolysosomes in an FcyR-dependent manner.” 

Immunoglobulin M and most isotypes of IgG activate the classical complement 
pathway. Immunoglobulin G antibodies against adenovirus activate complement 
strongly, even when the IgG is nonneutralizing.°* Natural IgM activates the classi- 
cal complement pathway on Ad5 virions that are unable to bind coagulation factor 
X (FX), which is a protein that normally binds to hexon and protects Ad5 from com- 
plement.°>°° Activation of complement leads to opsonization, in which fragments of 
complement protein C3 covalently attach to virions.°°>* This opsonization by C3 can 
greatly enhance neutralization in vitro.°®>* In addition, opsonization can retarget viri- 
ons to plasma membrane complement receptors, leading to uptake or sequestration of 
virions by new cell types, including neutrophils, rhabdomyosarcoma cells, and eryth- 
rocytes.°!>7° Such retargeting can have functional consequences in vivo; for example, 
binding of opsonized virions to complement receptor CR1 on erythrocytes reduces the 
amount of adenovirus vector that can transduce the liver,’ and complement contributes 
to clearance of adenovirus vectors from the circulation by Kupffer cells.6®6! 

Antibodies and antibody-induced complement also activate innate immunity, 
which may contribute to the toxic effects of adenovirus vectors. One way that antibod- 
ies enhance innate immunity is by retargeting virions to cells of the innate immune 
system such as macrophages.°? Interestingly, another way in which antibodies acti- 
vate innate immunity is by engaging TRIM21 inside cells. It has been shown that 
TRIM21 not only mediates intracellular neutralization, but also stimulates proinflam- 
matory signaling via nuclear factor-«KB, activator protein-1, and interferon regulatory 
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factor (IRF) pathways.*°.*3-©? This proinflammatory activity of TRIM21 requires both 
the RING domain and ubiquitination, similar to requirements for TRIM21-mediated 
neutralization. Downstream of ubiquitination, however, the neutralization and proin- 
flammatory pathways diverge; although TRIM21-dependent neutralization requires 
the proteasome, TRIM21-dependent upregulation of IRF7 does not require the pro- 
teasome.°? In addition to this antibody/TRIM21-activated proinflammatory pathway, 
antibody-mediated opsonization of adenovirus by complement can also activate a 
newly discovered intracellular complement-recognition system that stimulates proin- 
flammatory signaling and enhances neutralization.” This system is activated by C3 
fragment-coated virions in a TRIM21-independent manner, but the exact molecular 
mechanism for intracellular C3 recognition is currently unknown. 

In sum, antibodies do much more than just neutralize adenovirus; they also retar- 
get adenovirus to Fcy receptors and activate the classical pathway of complement. In 
addition, IgG/C3-opsonized virions that reach the cytoplasm trigger several antiviral 
mechanisms: TRIM21 binds to IgG and causes neutralization and proinflammatory 
activation, and C3 triggers TRIM21-independent proinflammatory activation. 


2.3 Do In Vitro Assays Predict In Vivo Effects of Antibodies? 


Because of the multiple direct and indirect actions of antibodies on adenoviruses, it 
can be extraordinarily difficult to isolate the contribution of any single mechanism 
in vivo. Presumably, many of the mechanisms described above act in parallel. Never- 
theless, it is essential to understand the role of each mechanism in vivo; such knowl- 
edge is a prerequisite for determining which in vitro assays accurately predict the 
in vivo behavior of adenovirus vectors. To add a further complication, the relative 
importance of each mechanism seems likely to be influenced by the in vivo model 
system being used (viral infection, gene therapy, or vaccine) and perhaps also by the 
species being studied. 

The neutralizing activity of an anti-adenoviral serum typically correlates with its 
ability to suppress adenovirus infection or transduction in animal models.°-®° How- 
ever, revealing exceptions to this general rule illustrate the importance of nonneutral- 
izing actions of antibodies in vivo. Mutation of a hexon surface loop allows AdC68 
vectors to escape neutralization by antibodies targeted to this loop, although these 
antibodies can still bind to virions.6™68 In vivo, these nonneutralizing antibodies are 
fully capable of inhibiting muscle transduction and vaccine activity, thus demonstrat- 
ing a lack of correlation between in vitro neutralization assays and in vivo antiviral 
activity. The mechanism for this in vivo antiviral activity remains unknown, but it 
does not depend on FeyR.68 

As another example in which neutralization assays fail to capture the complexity 
of antibody behavior in vivo, natural mouse IgM is poor at neutralizing adenovirus,>° 
but transfer of natural IgM to antibody-deficient mice decreases liver transduction by 
adenovirus vectors®?-’° because of enhanced vector clearance by Kupffer cells. 

Even when one has identified an antiviral mechanism that is important in vivo, it 
can be challenging to develop in vitro assays that accurately model the in vivo mech- 
anism. Designing suitable assays often requires a deep understanding of mechanism. 
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For example, intravenous (iv) injection of Ad5 vectors into mice activates comple- 
ment.” Complement has diverse effects on adenovirus in vivo, altering virion uptake 
by Kupffer cells, hepatocyte transduction, and both innate and adaptive immune 
responses.>°-°.61,71.72 Citrate-anticoagulated plasma is widely used for complement 
assays, and indeed Ad5 activates complement in citrated plasma.°> However, results 
from in vitro assays in citrate plasma failed to correlate with in vivo observations 
of complement activation in mice.” The reason for this lack of correlation became 
apparent when it was found that citrate reduces the plasma calcium concentration to 
a point that is too low to support calcium-dependent binding of FX to Ad5.°° Because 
FX shields Ad5 from complement activation, in vitro studies of complement in citrate 
plasma (where FX is unable to bind to Ad5) can produce nonphysiological results. 


3. Consequences of Anti-Adenoviral Antibodies In Vivo 


Antibodies are critical for controlling wild-type adenovirus infection and can also 
severely inhibit adenovirus-based gene therapies and vaccines.°**7? It is well estab- 
lished that preexisting antibodies often suppress the effectiveness of adenovirus vec- 
tors, but surprisingly there are also some situations in which such antibodies may be 
less of a barrier, or may even be beneficial in controlling vector-mediated toxicity. 

Although preexisting antibodies are certainly a major hurdle for gene therapy and 
vaccine applications, they are not the only obstacle presented by the adaptive immune 
system. T cell responses against adenovirus proteins also impair the effectiveness 
of adenoviral vectors.°+”+ Unfortunately, T cell epitopes are often highly conserved 
across human adenovirus serotypes,””576 which makes anti-adenoviral T cells even 
harder to avoid than antibodies. Humans who are seronegative for a particular ade- 
novirus serotype often have T cells that recognize that serotype.’””* It is important 
to be aware when reviewing the literature that studies of preexisting anti-adenoviral 
immunity in animal models often do not discriminate between the effects of antibodies 
and T cells; preimmunizing animals with vector induces both antibodies and T cells 
against adenovirus. Experiments that transfer anti-adenoviral antibodies to animals 
are the best way to examine the effects of preexisting antibodies in isolation. 


3.1 Impact of Antibodies on Adenoviral Infection 


The pathogenesis of human adenoviruses is difficult to study in animal models 
because of species-specific restriction factors, but fortunately, mouse adenovirus is an 
excellent model system that has provided insight into how antibodies help to control 
adenovirus infection. Mice cannot control mouse adenovirus type | (MAV-1) infec- 
tion without antibodies, and transfer of antibodies against MAV-1 can inhibit infec- 
tion.6%7° Early T cell-independent IgM responses appear to be particularly important 
for viral control. TRIM21 has a central role in the control of MAV-1 infection by 
antibodies. In vitro, anti-MAV-1 antibodies neutralize MAV-1 in a TRIM21-dependent 
manner, and they also induce a TRIM21-dependent proinflammatory response.** 
In vivo, Trim21 knockout mice are poor at controlling infection with MAV-1, and 
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transferring anti-MAV-1 antibodies fails to protect Trim2/ knockout mice against fatal 
MAV-1 infection.®° Interestingly, MAV-1 was found to upregulate TRIM21 expression 
in wild-type mice (presumably mediated through IFN), thereby demonstrating that 
adenovirus infection sensitizes mice to antiviral antibodies. TRIM21 can mediate 
both neutralization and proinflammatory activity, and it is not yet known which of 
these activities is most important for control of MAV-1 in mice. This is a difficult 
question to address in an in vivo model system, but it is reasonable to speculate that 
both mechanisms are likely to have a role. 

Much less is known about the role of antibodies in controlling adenoviral infec- 
tion in humans, although it seems safe to assume that antibodies have a major role. 
Genetic immunoglobulin deficiencies may be associated with an increased incidence 
and severity of adenovirus infection.*!8 However, T cells are also essential for control 
of human adenoviral infection. Reactivation of adenoviral infections is a common and 
life-threatening consequence of myelosuppressive therapies, especially in pediatric 
patients.*°-8+ Transfer of adenoviral-specific T cells to such patients may resolve ongo- 
ing adenoviral infections.*> 


3.2 Impact of Antibodies on Gene Therapy Vectors and 
Oncolytic Adenoviruses 


Adenoviruses Most studies of antiviral antibodies focus on high-affinity antibodies 
that are induced after exposure to a virus, but natural antibodies can also have import- 
ant effects on gene therapy. Natural antibodies have flexible antigen-binding regions 
and possess an innate ability to bind to diverse viruses, including adenovirus.°°°87 
These virus-binding natural antibodies are mostly of the IgM isotype and are import- 
ant during the earliest phases of an infection, before development of specific, high- 
affinity antibody responses.**** Transfer of serum from wild-type mice to antibody- 
deficient mice causes increased clearance of intravenously injected adenovirus vector 
by Kupffer cells,® which reduces hepatocyte transduction by the vector.®-’° Variation 
in IgM concentration among mouse strains can affect gene therapy: BALB/c mice 
have genetically high IgM concentration and low liver transduction compared with 
C57BL/6 mice.! Interestingly, vectors with Ad6 hexon are less influenced by natural 
IgM than vectors with Ad5 hexon, and therefore Ad6-based vectors are less suscepti- 
ble to clearance by Kupffer cells.°-°° 

On its own, natural IgM has little neutralizing activity against adenovirus, but it 
can activate complement.” Normally, binding of FX to Ad5 hexon prevents IgM from 
activating complement, but when FX is blocked, IgM-activated complement can neu- 
tralize the vector.°° The effects of natural IgM antibodies in vivo are particularly dra- 
matic when Ad5 vectors cannot bind FX, in which case natural IgM and complement 
are extraordinarily inhibitory for liver transduction.!>° Adenovirus 5 hexon appears to 
confer a unique susceptibility to natural IgM and/or complement, because other ade- 
novirus serotypes are less susceptible to this type of neutralization than Ad5.°° 

Both adenovirus infection and exposure to adenovirus vectors stimulate the adap- 
tive immune system to produce specific antibodies against adenovirus. In humans, 
neutralizing anti-adenovirus antibodies have been identified not only in blood, but 
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also in a variety of other compartments including synovial fluid, peritoneal fluid, and 
bronchoalveolar lavage.?!~° Transfer of neutralizing human serum to mice can sub- 
stantially inhibit liver transduction by intravenously injected adenovirus vectors.®:79-9* 
Experiments with chimeric vectors have identified antihexon antibodies as being the 
most important for inhibiting vector transduction of the liver, although antifiber anti- 
bodies are also inhibitory.!° Transfer of an antihexon monoclonal IgG antibody is 
sufficient to inhibit muscle transduction by vector in mice.®* Together, these animal 
studies show that antihexon IgG antibodies are major barriers to gene therapy and are 
likely to inhibit delivery of vector to a variety of tissues and organs. 

Although there have been numerous clinical trials with adenovirus gene therapy 
vectors and many of these trials have collected information about antibodies, it is 
often difficult to measure transduction and efficacy, and so there are currently few data 
on how preexisting antibodies affect adenovirus gene therapy vectors in humans. As 
discussed below, such data are easier to obtain and evaluate for vaccine clinical trials. 

In animals, preexisting antibodies can affect not only transduction, but also 
vector-induced toxicity. For example, high doses of iv adenovirus vector can cause 
shock in several animal models.?>-°’ Vector-induced shock in mice can be prevented 
by transfer of mouse anti-adenovirus serum, but for unclear reasons shock is not pre- 
vented by human serum containing anti-adenoviral antibodies.°° As another exam- 
ple, preimmunization with vector can reduce some types of toxicity in both mice and 
monkeys, but other types of toxicity and inflammation actually worsen.?8-!0 It is 
particularly notable that preimmunized mice show a large increase in early mortality 
after vector administration.”?:!°° Because these latter studies used preimmunization 
instead of antibody transfer, it is unclear whether the increased toxicity was caused by 
antibodies, T cells, or other unidentified factors. 

Oncolytic adenovirus vectors are designed to replicate selectively in tumors, but 
they can produce toxicity in normal tissues as well. Transfer of human adenovirus- 
immune serum to mice inhibits tumor transduction far less than the serum inhibits 
liver transduction.** Anti-adenovirus antibodies can somewhat diminish anti-tumor 
efficacy; on the other hand, antibodies greatly inhibit toxicity, in part by blocking liver 
infection by the vector.!°!:!°2 Altogether, these animal studies suggest that preexisting 
antibodies may be less of a problem for oncolytic adenoviruses than for nonreplicat- 
ing vectors. Even though antibodies can attenuate the antitumor activity of replica- 
tion-competent adenovirus vectors, antibodies also significantly improve tolerability 
by preventing vector spillover to organs and decreasing vector-induced toxicity. 


3.3 Impact of Antibodies on Adenovirus-Based Vaccines 


The effects of preexisting anti-Ad5 antibodies on Ad5-based vaccines have been 
studied extensively in both animals and in clinical trials. The picture that emerges is 
nuanced and difficult to generalize. Although preexisting antibodies can undoubtedly 
inhibit or even block responses to adenovirus-based vaccines, there are also cases in 
which preexisting antibodies seem to have no effect on vaccine-induced responses. 
An Ad5 vaccine expressing human immunodeficiency virus (HIV) Env was able to 
induce robust anti-Env T cell responses in mice after transfer of antifiber antibodies 
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but not after transfer of antihexon antibodies.'!! Transfer of antihexon IgG to mice 
reduces vaccine effectiveness in a dose-dependent manner, and high doses of IgG 
completely suppress vaccine activity.!!-* Transfer of neutralizing antibody also biases 
the T cell immune response toward a central memory phenotype.®° These studies 
clearly demonstrate that high titers of antihexon antibodies are sufficient to suppress 
the activity of adenovirus-based vaccines in animal models. 

In humans, the apparent impact of preexisting antibodies on adenovirus-vectors 
vaccines differs among clinical trials, for unclear reasons. Humans have variable lev- 
els of preexisting antibodies and T cells against adenovirus, and the levels do not 
correlate with each other,! which suggests that it is too facile to use neutralizing anti- 
bodies as a surrogate measure of preexisting immunity against adenovirus. In addition, 
it has been shown in animal studies that preexisting anti-adenoviral immunity leads 
to differences in the homing and localization of vaccine-induced T cells in organs. 104 
These differences cannot be detected by assaying T cells in the blood, which raises 
the question of whether preexisting immunity might cause changes in vaccine-induced 
responses that are impossible to measure in clinical trials. 

In human studies of Ad5-vectored malaria and tuberculosis vaccines, preexist- 
ing antibodies had no apparent influence on T cell responses to the vaccine-encoded 
antigens. !9:!06 For Ad5-vectored HIV and Ebola vaccines, however, preexisting anti- 
bodies correlated with lower responses against vector-encoded antigens.!97:!°° Sur- 
prisingly, in a clinical trial of an Ad5-vectored HIV vaccine, vaccine recipients who 
had preexisting neutralizing anti-Ad5 titers were more likely to become infected with 
HIV compared with unvaccinated controls.!°:!!° Reasons for this disappointing find- 
ing are still unclear but may be connected to differences in vector-induced activation 
of the immune system in the presence or absence of neutralizing antibodies.!!!-!!3 
Other studies of Ad5-vectored HIV vaccines have not found an increase in HIV infec- 
tion in subjects who had preexisting neutralizing antibodies. !!* 


4. Evading Antibodies 


The adenovirus gene therapy and vaccine research communities have invested a great 
deal of effort in designing novel strategies to avoid preexisting antibodies.” Most 
of these strategies rely on modifying the virus capsid or using vectors derived from 
low-prevalence adenoviruses. However, there have also been attempts to inhibit anti- 
bodies with immunosuppression or to minimize antibody impact by altering the route 
of vector administration. 


4.1 Rare Human Serotypes and Nonhuman Adenoviruses 


The most popular adenovirus vectors are based on human Ad5, but Ad5 infections 
are common in childhood, leading to a generally high seroprevalence in adults.!!>-!!6 
There is a window in early childhood when the prevalence of Ad5 antibodies is low— 
after the disappearance of maternal antibodies but before infection with AdS—and it 
has therefore been suggested that Ad5-based vectors would be most effective when 
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administered to children.!!5-116 However, a more general strategy to avoid preexist- 
ing antibodies is to use adenovirus vectors that are derived from low-seroprevalence 
adenoviruses. Vectors that are derived from rare human adenoviruses can be effective 
in animal studies, even in the face of high titers of antibodies against Ad5.7>-117 It is 
important to note that serotype prevalence can vary significantly among human pop- 
ulations, such that a serotype that is considered rare in one part of the world may be 
more common in other parts of the world.!!8-!29 

There has also been wide interest in developing vectors based on nonhuman ade- 
noviruses.!?! Examples include porcine,!?>!?3 canine,!?* bovine,!2> ovine,!2° and 
nonhuman primate!*7-!?° adenoviruses. Humans tend to have low amounts of neutral- 
izing antibodies against animal adenoviruses. !?>!?8-132 However, there are exceptions: 
neutralizing antibodies against certain chimpanzee adenoviruses are more common 
in people who live in sub-Saharan Africa, compared with the United States or 
Thailand.'%° It has been shown that many nonhuman adenovirus vectors retain full 
activity even in animals that have been preimmunized with human adenoviruses. 
125,126,128 An additional potential advantage of bovine and porcine adenoviruses is that 
they have relatively limited overlap of T cell epitopes with human adenoviruses, at 
least in mouse studies,!* and thus it is possible that using such vectors in humans 
would be less likely to provoke attack by preexisting anti-adenoviral T cells. However, 
T cells reactive against chimpanzee adenoviruses have been detected in humans. !*+ 

When selecting a vector, one must consider not only the prevalence of preexisting 
antibodies, but also other properties of the virus that affect vector activity and toxicity. 
It is well established that vaccines based on different adenoviruses vary markedly in 
their immunogenicity. !29!5-!3° Similarly, when considering vectors for gene therapy, 
one must take into account that innate proinflammatory activity and tropism vary 
significantly among adenoviruses. 137-139 

Studies of seroprevalence in humans typically focus on neutralizing antibodies and 
often do not measure virus-binding antibodies using a method such as ELISA. The 
percentage of humans who have antibodies that bind to a given adenovirus serotype 
is usually higher than the percentage with neutralizing antibodies against the same 
serotype, !*° and the levels of binding and neutralizing antibodies in individual samples 
are often poorly correlated.'*! As noted above, even nonneutralizing antibodies can 
activate complement or inhibit vector transduction in vivo,5®68 although there are also 
examples where transfer of nonneutralizing antibodies had no suppressive effect on 
vaccine-induced immunity.®° Further work is needed to determine the in vivo impact 
of nonneutralizing anti-adenoviral antibodies. 

Adenovirus vectors may need to be administered more than once, for example, to 
boost an immune response to a vaccine or to provide multiple gene therapy treatments. 
Antibody and T cell responses induced by the first injection of vector can greatly 
decrease the effectiveness of subsequent injections with the same vector.'*? For vac- 
cines, one can avoid this problem by using a heterologous prime-boost, in which one 
injection is an adenovirus vector and the other is either a plasmid or a nonadeno- 
viral vector.'*> Another option is to use two different human adenovirus serotypes 
or to switch from a human to a nonhuman adenovirus. These adenovirus serotype 
switch strategies have shown promise in animal studies for both vaccines!4>144 and 
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gene therapies.!*>-!5! In some cases, however, exposure to one adenovirus can induce 
low amounts of cross-reactive antibodies that neutralize another serotype, especially 
when the adenoviruses are closely related.”!5>153 The occurrence of cross-reactive 
antibody responses can be minimized by using adenoviruses that are distantly related 
and immunologically distinct.!°? Serotype switching is clearly a feasible strategy for 
vaccines, although the requirement to manufacture and develop two or more products 
can increase cost and complexity. For gene therapy, serotype switching may also be 
possible if only a few injections are required. 


4.2 Hexon Mutation or Pseudotyping 


As previously noted, antibodies against hexon are more of a barrier than antibodies 
against penton and fiber, as demonstrated in vivo for both gene therapy and vaccine 
applications.!°:!! This observation suggests that one can minimize the detrimental 
effects of anti-adenoviral antibodies simply by changing the hexon, without needing 
to change the entire vector to a different serotype. Changes to hexon may be made 
in several ways: substituting the entire hexon with hexon from another adenovirus; 
swapping just the surface-exposed hypervariable domains of hexon (which determine 
the serotype); or targeted mutation of hexon hypervariable domains. Changing the 
hexon has potential advantages over switching the entire vector to a different sero- 
type, because one can preserve parts of the vector that control vector tropism and 
immunogenicity. However, it has also been noted that seemingly conservative changes 
to hexon—intended only to create a vector that avoids antibodies—may alter other 
vector properties in an unpredictable manner. For example, replacing the Ad5 hexon 
hypervariable regions with those of Ad48 hexon yields a vector that has different 
properties from both Ad5 and Ad48, including unexpected proinflammatory effects 
and toxicity. 139-154 

Engineering changes in hexon can be technically challenging, leading to decreased 
vector viability or even complete failure to rescue virus.°°°!5> Full hexon swaps 
between closely related adenovirus serotypes are more successful than swaps between 
more distantly related serotypes. It was found that Ad5 hexon could be easily replaced 
with hexon from other species C viruses (types 1, 2, and 6).° However, when more dis- 
tant hexon swaps were attempted, only one of 15 was successful. Replacing the Ad5 
hexon with Ad6 hexon is sufficient to avoid neutralization by Ad5 antibodies in vitro 
and in vivo.2 However, Ad2 and Ad5 hexons can induce cross-neutralizing antibod- 
ies that interfere with vector delivery,’ which demonstrates that conservative swaps 
between closely related hexons may not always be sufficient to avoid antibodies. 

Other examples of hexon swaps include Ad5 gene therapy vectors with hexon 
replaced by Ad3 or Ad12 hexon.®!55 In both of these cases, iv injection of the hexon- 
chimeric vector into Ad5-preimmunized mice resulted in successful liver transduction. 
In another example, grafting the Ad48 hexon hypervariable regions into an Ad5 
vaccine vector allowed effective vaccination in the face of preexisting Ad5 immu- 
nity.!°° In addition, when this chimeric Ad5/48 vaccine was used in a prime-boost 
strategy with Ad5, the T cell response to the vector-encoded transgene was higher than 
when the prime and boost were both performed with the same vector.!°° 
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4.3 Shielding with Polymers and Other Molecules 


Coating the surface of virions with polymers can shield vectors against undesir- 
able interactions with antibodies and other proteins, although these vector modifi- 
cations must be performed in a way that does not negatively affect vector tropism 
or activity. Polyethylene glycol (PEG) is the most popular polymer for this pur- 
pose, in part because of the successful track record of PEGylation for improving the 
pharmacokinetic properties of a number of protein therapeutics.'!°’ One common 
but nonspecific method is to couple PEG to accessible lysine residues on the capsid, 
resulting in labeling of all three major capsid proteins.!58 Polyethylene glycol can 
also be coupled in a targeted manner to free cysteine residues that have been genet- 
ically engineered into specific locations on the capsid.!°?:!©° Other polymers such as 
N-[2-hydroxypropyl]methacrylamide (HPMA) can be used to modify adenoviruses 
in a similar manner. !°! 

Polyethylene glycol and HPMA shield adenovirus from antibodies both in vitro and 
in vivo, !°8-!62-165 PEGylation also reduces antibody-dependent complement activation 
by adenovirus both in vitro and in vivo.°> PEGylated gene therapy vectors can suc- 
cessfully transduce organs even in animals that have developed antibodies as a result 
of previous administration of unPEGylated vector, '©?:!°° and PEGylating vaccine vec- 
tors improves boosting of responses in Ad-immune animals.!6” Polyethylene glycol 
can itself induce antibody responses that neutralize PEGylated vector, rendering the 
PEGylated vector less effective for multiple administrations, but this problem can be 
mitigated by using different methods to couple PEG chemically to the capsid. 162-166 

Beyond polymers, a more limited number of studies have shown that adenovirus 
vectors can be shielded from antibodies by liposomes!®*-!© or by encapsulation in 
microspheres.!/° 


4.4 Route of Administration 


Anti-adenoviral antibodies may be less problematic for certain modes of vector 
administration. Antibodies can be completely avoided if one is transducing cells 
ex vivo. For vaccines, adenovirus vector-transduced peripheral blood mononuclear 
cells can be used to avoid inhibition by antibodies,!'7! although this approach is much 
more costly and cumbersome than direct administration of vector. Dendritic cells can 
also be transduced ex vivo and then administered as tumor vaccines. !”? 

Although adenovirus vectors are extremely vulnerable to antibodies when vectors 
are administered by iv or intramuscular injection, a few routes of administration 
show less susceptibility to antibodies. When boosting responses to adenovirus- 
vectored vaccines in Ad-immune mice, oral or intranasal boosting can be substantially 
more effective than intramuscular boosting.!7>-!7> For adenovirus gene therapy vec- 
tors, readministration to the lung is somewhat more successful than readministration 
to other organs,!7°!”7 especially when using helper-dependent vectors that induce 
relatively weak antibody responses.!7* The reasons for these route-dependent differ- 
ences are unclear, but may be related to low amounts of antibodies in certain com- 
partments such as the lungs.!7° 
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4.5 Immunosuppression 


Immunosuppressive treatments may help to diminish the levels of anti-adenoviral anti- 
bodies. Because preexisting antibodies are difficult to remove in vivo, however, research 
on this topic has largely focused on attenuating vector-induced antibody responses, 
with the goal of improving repeat administration of vector. Treatments that have been 
found to suppress antibody responses and allow repeated vector administration in ani- 
mals include B cell depletion, !*° immunosuppressive chemotherapies, '*!:!8? CD4+ T cell 
depletion, !8>184 antibodies against CD40 ligand,!%5 and tolerization.'*° Immunosuppres- 
sion carries risks and complicates therapies, so immunosuppression may be less gener- 
ally applicable than the vector modification or shielding strategies described above. 


5. Future Directions 


The past few years have seen great progress in understanding the varied mechanisms 
by which antibodies affect adenovirus vectors, especially in vitro. More work needs 
to be done in vivo to understand which of these antiviral mechanisms have the most 
impact on gene therapy with adenovirus vectors, and how these mechanisms synergize. 
Many ingenious new strategies are being developed to avoid antibodies or to shield 
vectors from antibodies. There also continues to be productive cross-fertilization 
of ideas and techniques between the adenovirus gene therapy and vaccine fields. 
Although in many cases vaccine studies (which try to induce immune responses) and 
gene therapy studies (which generally try to avoid immune responses) have opposing 
goals, both types of application are generally most effective when they can avoid pre- 
existing antivector immune responses. 

One area in most urgent need of research is an understanding of which types of 
anti-adenoviral mediators—antibodies or T cells—are most important for inhibiting 
gene therapy applications and how to measure these mediators in a way that captures 
the most pertinent information. As alluded to several times, measuring neutralizing 
antibodies is easy but perhaps not always the most relevant parameter. Understand- 
ing the underlying mechanisms is critically important for deciding what to measure. 
An even more difficult issue is how to measure outcomes (vector transduction and 
activity) in gene therapy clinical trials in a way that allows one to understand how the 
ultimate success of the therapy is affected by preexisting immune responses against 
the vector. Animal models have an indispensable role in this process because it is 
often extremely challenging to measure vector transduction, transgene expression, or 
efficacy in gene therapy clinical trials. In this regard, results from vaccine clinical 
trials can be informative for the gene therapy field because vaccine studies usually 
have surrogate outcome measures—antibody and T cell responses to vector-encoded 
transgenes—that can aid in understanding the impact of preexisting immunity on vec- 
tor activity. 

Finally, despite the many decades in which adenoviruses have been studied, major 
discoveries are still being made about the basic biology of these viruses. Adenoviruses 
are amazingly diverse, and it is clear that many human and animal serotypes have 
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unique properties that either aid or hinder their usefulness for particular gene therapy 
or vaccine applications. Recent findings of unexpected adenoviral properties (interac- 
tion with coagulation factors)°®!87-!8° or novel antiviral mechanisms (TRIM21-medi- 
ated neutralization)?’ highlight the fact that there is still much to be gained from basic 
research on adenovirus biology. 
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1. Introduction 


Recombinant adenovirus (Ad)-based vectors have been the focus of consider- 
able interest from 1994 to 2014 for their potential applications as gene delivery 
vectors for use in human and animal diseases.'~’ As a result, Ad vectors became 
the most widely utilized gene transfer vectors in human gene therapy clinical 
trials worldwide in clinical studies of cancer and infectious (e.g., vaccine devel- 
opment), neurologic, and metabolic disorders.’ More to the point, as of 2014, 
over 463 human clinical trials have administered Ad-based vectors using various 
administration routes both to normal human volunteers and to patients suffering 
from different types of diseases potentially treatable by an Ad-based gene transfer 
approach (http://www.wiley.com/legacy/wileychi/genmed/clinical/). There are no 
current FDA-approved Ad-based vectors. In China, however, since 2003, Ad vec- 
tors expressing the p53 tumor suppressor gene (Gendicine or Advexin) have been 
routinely utilized in patients affected by several forms of cancer. To understand and 
then overcome the multiple immunological problems inherent in the use of viruses 
as gene transfer vectors, a keen understanding of virus—host biological interactions, 
both generally and specifically, is required, as summarized below. 

Adenoviruses were initially isolated from patients suffering from acute respiratory 
infection in 1954 by Hilleman and Werner.’ Ads are nonenveloped, with an icosa- 
hederal capsid containing a linear, double-stranded DNA (dsDNA) genome of about 
36 kb.!°!! Wild-type Ads usually cause relatively mild, self-limiting respiratory illnesses 
in immunocompetent individuals. However, Ad infection represents a major health 
issue in immunocompromised hosts such as patients with primary immune deficiencies, 
HIV-infected patients, and hematopoietic stem cell and organ transplant recipients.!7-!° 

Currently, at least 52 serotypes of human Ad have been identified. They are clas- 
sified into seven subgroups (A-G), primarily based on erythrocyte agglutination 
capabilities and DNA sequence similarity of the various subgroups.'° Importantly, 
of the immunologically distinct human Ad serotypes, none are associated with any 
neoplastic disease.'!’ The most extensively utilized and characterized members (both 
in relation to general Ad biology and in regard to utilization as a gene transfer vector) 
of the Ad family are the Ad serotypes 2 (Ad2) and Ad5, which belong to Ad subclass C. 
Recently, alternative serotypes of human Ads (e.g., Ad4, Ad7, Ad9, Ad11, Ad26, Ad35, 
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Ad48, and Ad50) and chimpanzee-derived adenoviruses (ChAds) (e.g., ChAd3 and 
ChAd63) have also been genetically engineered (primarily as replication-incompetent 
vectors) for use in multiple gene therapy and vaccine development trials. 18-23 
The use of these alternative Ad serotypes allowed for improved and prolonged trans- 
gene expression in individuals harboring preexisting immunity (both neutralizing 
antibodies (NAbs) and CD8* T cells) to the commonly utilized Ads, such as Ad5.2* 
However, their use will also have several limitations, including altered biodistribution 
and biosafety profiles and shared T-cell epitopes; they are also subject to neutralization 
on their readministration.2>-** The use of an alternative Ad serotype strategy will be 
discussed in more detail later in the chapter. 

Structurally, the human Ad capsid is composed of 11 different structural proteins.”° 
These proteins are divided into major and minor capsid proteins. The major capsid 
proteins include the trimeric hexon protein (also called protein II), penton base (pro- 
tein II), and fiber (protein IV).!° Hexon is a homotrimeric protein composed of 720 
copies, thus representing the major structural protein in Ad capsid. Hexon is highly 
conserved among Ad serotypes. However, the sequence variation on the nine sur- 
face-exposed hypervariable regions (HVRs) of the hexon protein distinguishes Ad 
serotypes.*° The minor (cement) capsid proteins include proteins pIa, pVI, pVIII, 
and pIX.!° In addition, Ad contains another four proteins that are packaged in the core 
and are tightly associated with the viral DNA. They are known as protein V, pro- 
tein VII, u, and the terminal protein TP.!° The capsid proteins are the most commonly 
targeted proteins for viral capsid protein manipulation, such as insertion of foreign 
peptides. In addition, hexon, penton, and fiber represent the major host immune 
system-targeted proteins that result in Ad neutralization, and therefore are targets for 
immune evasion strategies, as discussed later in this chapter. 

The human Ad genome is generally composed of five early (ELA, E1B, E2, E3, 
and E4) and late (L1-L5) gene segments. First-generation Ad vectors were rendered 
“replication incompetent” such that a transgene replaces only the E1 region of genes 
([E1-] Ad) or El and a portion of E3 ([E1-, E3-] Ad); thus, 90% of the wild-type (WT) 
Ad genome is retained in the vector.*!? Human cells lines, engineered to express 
the E1 gene products, such as human HEK-293 cells, are used to propagate the first 
generation Ad vectors.*?*> Newer generation Ad vectors, with additional deletions 
in their genome in the E2A, E2B, and F4, or the entire Ad genome, are produced via 
the use of newer generation, trans-complementing packaging cell lines and/or helper 
viruses.**~8 These next generation Ad vectors have several advantages over the first 
generation Ad vectors including accommodation of larger segments of foreign DNA, 
reduction in cytotoxic effects in transduced host cells, and reductions in vector- 
specific B- and T-cell-adaptive immune responses, thought to be a result of reductions in 
the expression of numerous Ad protein products.?439-42 

Compared to other gene transfer vectors, Ad vectors possess many important char- 
acteristics that make them ideal platforms for gene therapy. This includes the ability 
to easily and routinely scale the vectors to high titers in a good manufacturing practice 
(GMP) compliant fashion (up to 1 x 10!3 vp/ml). Ad vectors do not depend on transfec- 
tion-based packaging systems for vector production and thus a likely a major reason 
for their efficiency. This feature has likely limited the widespread clinical use of other 
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vector systems that have also been available over the past decades. Additionally, Ad 
vectors allow for efficient transduction of various dividing and quiescent cell types 
in vitro and in vivo, and can allow for transgene expression in an episomal fashion, 
thereby mitigating risks associated with vectors that depend on genome integration to 
function optimally.” 

Despite the several advantages of Ad vectors, it is also clear that administration of 
large concentrations of Ad vectors that express high levels of their respective trans- 
gene payload Ad-based vectors rapidly activates innate immune responses (that have 
evolved to detect minute amounts of pathogens generally) and also robustly induces 
T- and B-cell-adaptive immune responses against both the vector and the transgene 
product being expressed.** Moreover, due to the susceptibility of humans to infection 
by WT Ad serotype infections (both in childhood or in adulthood), it is now estimated 
that more than 60% of the worldwide human population have B- and T-cell memory 
immune responses to the most common Ad serotypes. 


2. Activation of Innate and Adaptive Immunity 
by Adenovirus Vectors 


The innate immune system is the first line of defense against invading pathogens.*>-*° 
It is composed not only of physical barriers (e.g., the skin, the tight endothelial cell 
junctions of the vascular system, the blood-brain barrier) but also of a network of dif- 
ferent cell types including dendritic cells (DCs), natural killer (NK) cells, monocytes/ 
macrophages, NKT cells, gamma delta (yò) T cells, and neutrophils.“ Each cell of 
the innate immune system expresses a variety of germline-encoded innate immune 
receptors that recognize and respond to molecular structures commonly present in a 
variety of pathogens, collectively known as “pathogen-associated molecular patterns” 
(PAMP).4648-50 These PAMPs essentially identify a molecule, virus, or cell as “for- 
eign” to the host even on first encounter, and are detected by a wide range of secreted 
(extracellular), cell surface, and cytosolic receptors, commonly known as “pattern rec- 
ognition receptors” (PRRs).*°-47! For example, on binding to PAMPs, secreted PRRs 
can activate the complement arm of the innate immune system, facilitating phagocy- 
tosis by macrophages and neutrophils.>* 

The cell surface PRRs, such as TLRs (TLR1/2, TLR2/6, TLR4, and TLR5) and 
the C-type lectins, recognize extracellular PAMPs.°? In contrast, the intracellular 
PPRs, such as TLR3, TLR7, TLR9, the retinoic acid-inducible gene-1-like recep- 
tors, and the nucleotide-binding oligomerization domain/leucine-rich repeat recep- 
tors (NLRs), recognize intracellular PAMPs.°* PRRs can also recognize intracellular 
stress and/or damage signals released during cell death or inflammation, commonly 
known as “damage-associated molecular patterns”.55 Recognition of a specific ligand 
by these various PRRs results in the activation of several innate immune signaling 
pathways, such as the mitogen-activated protein kinase (MAPK), PI3K, NFkB, inter- 
feron regulatory factors (IRFs) 3 and 7, and/or AP-1.°° Activation of these innate 
molecules and transcription factors orchestrates the transcription of several innate 
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immune response genes, including those for proinflammatory cytokines and chemo- 
kines and type I interferons (IFNa and IFN). Production of these innate response 
proteins controls pathogen infection and regulates the development of pathogen-spe- 
cific B- and T-cell-adaptive immune responses. 

Clearly, any gene transfer vector, based on chemicals, viruses, or cells, will 
encounter identification by the highly evolved, human innate immune system. Ad 
vectors induce innate immune responses and this occurs at early stages during 
cellular transduction” (Figure 1). In addition, these innate immune responses are 
usually exaggerated due to the need to utilize higher doses of Ad vectors in order 
to achieve relevant transgene expression levels and therapeutic efficacy. This is 
also true for many other gene transfer vectors, both viral and nonviral based. As a 
result, Ad vectors serve as useful tools for further understanding gene transfer-trig- 
gered innate immune responses. The production of proinflammatory cytokines and 
chemokines and type I interferons occurs as early as 1-6h post Ad vector injection 
(hpi).°°? Specifically, our lab previously found that systemic (i.v.) administration 
of high doses of Ad vectors induced higher production levels of several proinflam- 
matory cytokines and chemokines including IL-la, IL-1ß, IL-6, TNFa, IL12, KC, 
RANTES, MCP-1, MIP-1a, IFNa, IFNB, IFNy, and IP-10.56-60-62 In addition, it has 
been shown previously that Ad vectors can induce potent type I interferon responses, 
responses that result in the elimination and clearance of Ad vectors by NK cells, in 
a perforin- and granzyme B-dependent manner.®* Several immune and nonimmune 
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Figure 1 Adenoviral vector innate immune sensing mechanisms. Recognition of adenovirus 
capsid proteins or nucleic acids by the extracellular (A), cell surface (B), or intracellular 
pattern recognition receptors (PRRs) (B-D) activates several downstream signaling pathways 
that regulate the expression and production of several innate immune genes and inflammatory 
mediators. 
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cells contribute to the production of these proinflammatory cytokines and chemo- 
kines. These include Kupffer cells, DCs, NK cells, neutrophils, macrophages, and 
endothelial cells.64-57 

At the molecular level, activation of the innate immune responses by Ad vectors is 
mediated by both TLR-dependent and TLR-independent mechanisms. !8-56-60.63.68-72 
Studies in our laboratory previously showed that i.v. administration of Ad vec- 
tors activates MAPK and NFkB signaling pathways in MyD88- and TLR2/TLR9- 
dependent mechanisms.°*° We also identified a critical role for TLR2, TLR3, and 
TLR4 in regulating the expression of several innate immune genes following Ad 
vector administration in vivo, a mechanism that requires a functional MyD88 and 
TRIF (TIR domain-containing adaptor-inducing interferon-beta) signaling path- 
ways.>°/> Additionally, we found that production of several other proinflammatory 
cytokines and chemokines, such as KC and MCP-1, was also dependent on MyD88, 
but not the TLR9 pathway, indicating that Ad vectors induce several innate path- 
ways, independent of its DNA recognition by the TLR9 receptor.’ In line with this 
observation, we and others have found that several varieties of Ad vector, such as 
Ad4 and Ad5 serotype-based vectors, capsid activate innate immune responses via 
a mechanism that involves the complement system.°!:/4 

It has been shown previously that cellular penetration by Ad vectors also activates 
innate immune responses. Interactions between the Ad capsid fiber knob and its cel- 
lular receptor, coxsackie-adenovirus receptor (CAR), promote the clustering of junc- 
tional adhesion molecule-like protein and activate PI3K-dependent innate immune 
responses.’>-/° Moreover, the interaction between the Ad penton base RGD (Arg— 
Gly—Asp) motif and the cellular vitronectin-binding integrins, mainly a,-63 and o,- 
65, activates innate immune responses via a mechanism that involves PI3K signaling 
and a TNFa autocrine-dependent mechanism, a mechanism that results in enhanced 
DC maturation and function.’”78 

Besides TLRs, Ad vectors can also activate innate immunity by several other innate 
immune sensing mechanisms. For example, Ad vectors can induce caspase- 1-dependent 
IL-16 release from macrophages via a mechanism that involves the NLRP3/ 
ASC inflammasome complex.” In addition, it has been shown previously that the 
nucleic acid sensors, absent in melanoma-2 (AIM-2), DNA-dependent activator of IRFs, 
and MDAS, are all essential for innate immune response activation following Ad DNA 
recognition. ”’-8! Moreover, it has been shown recently that the DNA sensor cyclic GMP- 
AMP synthase (cGAS) is also involved in activating innate immunity following Ad vector 
administration, a sensing mechanism that requires a functional STING—TBK I signaling 
pathway. Moreover, disruption of lysosomes by Ad vectors during lysosomal escape 
triggers the release of lysosomal cathepsin B into the cytoplasm, a danger signal that 
induces NLRP3 inflammasome activation and IL-1 and IL-18 processing and release.”! 
Finally, activation of NLRP3 by Ad vectors induces necrotic cell death and the release of 
the nuclear protein, high-mobility group box 1 protein (HGMB1), a critical danger/dam- 
age signal that mediates potent innate immune responses.’! Together, these data indicate 
that Ad vectors induce innate immune responses by activating a complex network of 
innate immune sensing and signaling pathways. In some respects, a sobering reality may 
be that the more efficient a vector may be at escaping the lysosome (and allowing for 
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efficacious gene transduction and subsequent expression) the more likely it will trigger 
these and other innate immune responses. 

The innate immune system subsequently delivers essential signals that regulate and 
orchestrate the initiation and the progression of the adaptive immune response.®.8?:8+ 
Preexisting B- and T-cell immunity to Ads is serotype dependent and usually targeted 
toward the Ad capsid proteins.*° These responses are generated following infection 
with WT Ads or, in the case of gene therapy trials, subsequent to administration of 
first-generation Ad vectors (both commonly utilized or alternative Ad serotypes*®), 
which still express Ad viral early and late genes.’’-®? It is important to note that these 
adaptive immune responses will also be generated against Ad vector-encoded trans- 
gene products as well, especially if these products are recognized as immunologically 
foreign. The Ad-specific adaptive immune responses reduce the efficacy of Ad vectors 
in both gene therapy (i.e., blunted transgene expression of therapeutic transgene)*”-°* 
and vaccine development (i.e., diminished antigen-specific adaptive immune response 
to vaccine antigens)?> applications. 

Neutralizing antibodies to the commonly utilized Ad vectors, Ad2 and Ad5, are 
primarily directed toward the surface loops of the major viral capsid protein, hexon, 
especially against the seven hexon hypervariable regions (HVRs1-7) on the Ad capsid 
surface.°*°> In addition, NAbs to penton base have also been described.°° Moreover, 
NAbs against the fiber knob protein were also described and recently found to be pres- 
ent in over 90% of Ad5-positive serum samples. Characterization of the neutralizing 
antibody responses to Ad capsid proteins fosters the development of novel Ad vec- 
tors that had the immunogenic portions of the Ad capsid replaced with homologous 
regions from alternative, rare, Ad serotypes.°”-°° It, however, must also be understood 
that clinical applications that utilize delivery of high doses of Ad vectors in some tis- 
sues (such as an intramuscular (i.m.) or intradermal injection for vaccine applications, 
or into a viscous such as the bladder, or intestine) may not be as susceptible to the 
presence of preexisting neutralizing antibodies as other clinical applications that target 
other systems (such as intravascular administration so as to target specific organs). 

Ad vectors have also been shown to induce potent cellular (mainly CD8* T cells) 
immune responses to the Ad-derived protein antigens, not only the capsid proteins but 
also nonstructural Ad proteins, such as the early region 2 proteins DNA polymerase 
(Pol) and DNA-binding protein (DBP).?? These Ad-specific CD8* T-cell responses can 
eliminate Ad transduced cells that happen to express these viral products, but not cap- 
sid proteins.” As a result, diminished transgene expression and reduced Ad efficacy 
will occur. Besides Ad-specific cellular immunity, Ad vectors also induce CD8* T-cell 
responses to the expressed transgenes, especially if they are perceived as foreign by the 
host.!° As a result of this activity, Ad vectors have been utilized in numerous preclin- 
ical and clinical vaccine-based applications.!°!~!°* For example, the El-deleted Ad5 
vectors expressing HIV gag, pol, and nef antigens have been utilized in human clinical 
trial subjects, the so-called “STEP trial,” and shown to induce potent HIV antigen- 
specific CD8* T-cell responses. !°>-!°° Moreover, advanced generation Ad vectors, such as 
the E1- and E2b-deleted Ad5 vectors (E1-, E2b-_Ad5) expressing the tumor-associated 
antigen carcinoembryonic antigen, have also been utilized in human clinical trials and 
allowed for breakage of immunological tolerance to tumor-associated self-antigens.!°7 
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3. Therapeutic Strategies for Overcoming Immune 
Barriers to Adenovirus Vectors 


Despite the multiple immunological hurdles the human innate and adaptive immune 
systems present to gene transfer therapeutics generally, and Ad-based therapeutics 
specifically, several elegant strategies have been developed to improve the clinical 
application of Ad vectors. These strategies aim to evade and/or harness Ad vector and 
transgene-induced innate and adaptive immune responses, thereby enhancing target 
cell transduction, increasing the persistence of Ad vectors, reducing Ad-induced toxic- 
ity, and improving the overall efficacy of Ad-mediated gene transfer. These approaches 
can be categorized into two major categories: preemptive transient immune modula- 
tion of the host and the selective modification of Ad vectors themselves (Figure 2). 


3.1 Suppression of Adenovirus-Induced Immune Responses 
in the Host 


3.1.1 Global Immunosuppression of the Host Immune System 


This strategy involves the use of currently approved, noninvasive, immune-suppressive 
drugs or specific compounds to transiently suppress important immune pathways 
in the host, pathways that were previously identified to be induced by Ad vectors. 
For example, studies in our laboratory previously showed that systemic (i.v.) 
administration of Ad vectors in dexamethasone (DEX)-pretreated mice (10 mg/kg, 
15 and 2h prior to Ad injection) significantly reduced Ad-triggered innate immune 
responses including (1) reduced proinflammatory cytokine and chemokine gene 
expression in liver and spleen tissues; (2) reduced production of several proin- 
flammatory cytokines and chemokines such as IL-6, IL-12, G-CSF, MIP-1B, KC, 
RANTES, and MCP-1; (3) reduced thrombocytopenia; (4) reduced leukocyte infil- 
tration in the liver; and (5) reduced endothelial cell activation.!°? These responses 
were positively correlated with reduced Ad capsid-specific humoral immune 
responses, including capsid-specific NAbs.!° Intraperitoneal (i.p.) administration 
of DEX 3 days prior to systemic administration of B-galactosidase-expressing Ad 
vectors reduced Ad-induced innate immune responses (including reduced IL-1, 
IFNy, IL-6, TNFa, MIP-la, MCP-1, and leukocyte infiltration in the lung) and 
prolonged transgene expression.!° 

Several other immune-suppressive agents such as cyclosporine,!!° cyclophospha- 
mide,!'!.!!2 deoxyspergualin,!!>-!'!> and FK506!!6 have also been utilized in multiple 
Ad gene therapy trials (using mouse and nonhuman primate preclinical models) and 
shown to reduce immune responses and prolong transgene expression as well as the 
ability to readminister the homologous Ad vectors in previously Ad-treated animals. 
For example, cyclophosphamide administration along with oncolytic Ads reduced 
induction of Ad-specific humoral immune responses, thereby improving Ad vector- 
induced antitumor activity on readministration in several Ad-based cancer immune therapy 
systems.!!7!!8 Tn addition, combined treatment with cyclophosphamide and innate 
modulating cytokines, such as IL-12 (IL-12-expressing Ad vectors), in a subcutaneous 
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colorectal carcinoma mouse model modulated regulatory T-cell (Tregs) functions (1.e., 
reduced intratumoral IL-10 and TGB-f concentration) and decreased the number of 
myeloid-derived suppressor cells, as compared to control mice.!!° Interestingly, these 
reduced innate immune responses were also correlated with a strong antitumor CD4+ 
T-cell response. !!9 


3.1.2 Selective Immunosuppression of the Host Immune System 


3.1.2.1 Selective Immunosuppression of the Host Innate Immune System 
Modulation of a specific arm of the host immune system has also been studied in 
the context of Ad vector-mediated gene transfer therapies. The primary goal of these 
approaches is to increase the safety and efficacy of Ad-based gene transfer sys- 
tems while modulating a specific innate immune pathway known to be activated by 
Ads. !70-!?3 For example, the use of Ad vectors expressing a soluble TNFa receptor, 
which neutralizes the circulatory TNFa protein, significantly reduced Ad vector- 
associated innate immune responses (reduced proinflammatory cytokine/chemokine 
and leukocyte infiltration in the liver) and prolonged transgene expression.!**+ Simi- 
larly, systemic administration of Ad vectors expressing a fusion protein encoding the 
extracellular domain of human TNF receptor 1 (p55) and the Fe portion of mouse 
IgG1, Ad-TNFR1-IgG, increased transgene expression, reduced Ad-specific Nabs, 
and diminished Ad vector-induced innate immune responses, including recruitment of 
macrophages and NK cells in the liver.!*> Moreover, preadministration of the TNFa 
pharmacological inhibitor, etanercept (Enbrel), or the use of TNFa-specific monoclo- 
nal antibodies modulated Ad vector-induced innate and adaptive immune responses 
in several preclinical mouse models, such as the bronchioloalveolar cancer mouse 
model.!”* Strategies targeting other Ad-induced inflammatory pathways, such as IL-6 
or IL-1, have also been developed and shown to reduce Ad-triggered proinflammatory 
immune responses and enhance transgene expression. !?5-127 

Approaches that target specific innate immune pathways that recognize/sense 
Ad vector components and initiate a downstream innate immune response have also 
been developed and utilized in preclinical Ad-based gene transfer applications. For 
example, inhibition of the dsDNA sensor, TLR9 (which recognized Ad dsDNA and 
induced systemic proinflammatory cytokine release (mainly IL-6, TNFa, and MCP-1) 
via the NFkB pathway), with the blocking oligonucleotide, ODN-2088, significantly 
reduced Ad vector-associated innate immune toxicities. !2° Similarly, IP injection 
of the MEK1/2 inhibitor, U0126, along with systemic Ad administration reduced 
Ad-triggered innate immune responses, including the release of the inflammatory 
chemokine IP-10 (CXCL10).!7° Moreover, Ad vectors expressing the suppressor of 
cytokine signaling-1 (SOCS-1) gene (Ad-SOCS1) have also been utilized and shown 
to mitigate Ad-induced innate immune responses, such as liver toxicities and cytokine 
(e.g., TNFa, RANTES, MCP-1, and IL-6) production.!*° SOCS1 gene transfer by Ad 
vectors has also been utilized in Ad vector-mediated anticancer therapies and shown 
to induce a potent antitumor activity in vivo in mice.'*! The use of these innate mod- 
ulatory agents in Ad vector gene transfer has yet to be tested in large animals and in 
human clinical trials. 
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Another approach for modulating innate immune responses during Ad gene trans- 
fer therapy is via depletion of specific innate immune cells.°° For example, injection 
of an anti-asialo GM1 antibody, to deplete NK cells prior to Ad vector administration, 
increased transgene expression and enhanced the persistence of Ad vectors in the liver 
in mice.6®132 Similarly, depletion of splenic DCs (via anti-PDCA-1 or anti-CD11c 
antibodies®:°°) and/or tissue macrophages (via gadolinium chloride,!** liposome- 
encapsulated clodronate,'** or dichloromethylene bisphosphate!*>) enhanced Ad vector 
efficacy by reducing the production levels of several proinflammatory cytokines (e.g., 
IFNo/ß, IL-6, TNFa, and IL-12), increasing transgene expression, and diminishing 
cellular and humoral immune responses to Ad vectors and the expressed antigens, 
thus, improving Ad vector persistence in immune-competent hosts. Moreover, Kupffer 
cell depletion also improved Ad vector efficacy in a similar manner.!34136 Finally, 
preventing Ad vector uptake by hepatocytes via warfarin (which reduces the plasma 
concentration levels of the coagulation factors IX and X, which interact with Ad capsid 
and facilitate hepatocytes transduction) injection reduced Ad-mediated hepatotoxic- 
ity.!37 Similarly, pretreatment with polyinosinic acid, a scavenger receptor A ligand, 
transiently increased (10-fold) peripheral Ad vector concentration, and enhanced (up 
to 15-fold) transgene expression in the liver along with preventing necrosis of Kupffer 
cells.!38 Depletion of platelets prior to Ad vector administration also reduced Ad- 
triggered proinflammatory cytokines and Ad sequestration in the liver sinusoids. 13° 


3.1.2.2 Selective Immunosuppression of the Host-Adaptive Immune System 

Modulation of adaptive immune responses to Ad vectors by selective inhibition of a 
specific arm of the adaptive immune system has also been studied in Ad-mediated gene 
transfer applications. For example, the use of CTLA4Ig recombinant protein (which 
inhibits T-cell activation by blocking the interaction between B7 molecules (B7.1 
(CD80) and B7.2 (CD86)) on antigen presenting cells (APCs) and CD28 on T cells) 
along with im administration of a B-galactosidase-expressing Ad vector (Ad-LacZ) 
reduced CD4+ and CD8+ T-cell infiltration into the injected muscle;!*° however, this 
approach failed to repress the subsequent induction of Ad-specific humoral immune 
responses. A similar group also showed that a combinatorial therapy approach using 
Ad-LacZ and CTLA4Ig combined with antibodies directed toward CD4 (YTS 191), 
CD8 (YTS 169), and CD1 1a (TIB 213) is more efficacious in blocking both cellular 
and humoral immune responses and prolonging transgene expression. !4°-!4! Moreover, 
providing an anti-CD4 antibody along with clodronated liposomes reduced Ad-triggered 
innate immunity as well as Ad-specific humoral and cellular immune responses, 
responses that were associated with increased liver transduction (1000-fold) on Ad 
vector readministration.!** Pretreatment with an anti-CD8 T-cell receptor antibody 
prolonged transgene expression and reduced lung inflammation after Ad-mediated 
gene transfer in mice.!*? Additionally, administration of Ad vectors and the humanized 
anti-CD40 antibody, hu5C8 (to block CD40—CD40L interactions), has been shown 
to suppress Ad vector-induced lymphoproliferation, reduce cytokine responses (IL-2, 
IL-4, IFNy, and IL-10), reduce Ad vector-specific Nabs, and allowed for Ad vector 
readministration in nonhuman primates.!* Finally, combined use of anti-CD86 and 
anti-CD40 antibodies to block costimulation by APCs during Ad administrations has 


Methods to Mitigate Immune Responses to Adenoviral Vectors 401 





also been utilized and shown to increase transgene expression and allowed for repeated 
systemic administration of Ad vector in rhesus monkeys. !'** It is important to note that 
only marginal increases in the duration of transgene expression were observed in non- 
human primate studies using such approaches, indicating that these approaches might 
not be beneficial in Ad-based gene transfer therapies in human. 


3.2 Modulation Strategies of Adenovirus Vectors to Evade 
the Host Immune System 


In addition to modifying the host immune response to mitigate immune responses 
against Ad vectors, a number of novel strategies have been developed to modify the 
Ad vector itself to further these goals. These include several innovative strategies such 
as Ad capsid display of certain ligands or inhibitory molecules, covalent modifications 
of Ad vector capsid, construction of chimeric Ad vectors, Ad vector genome modifica- 
tion, and the use of Ad alternative/rare serotypes, as discussed below. 


3.2.1 Modification of Adenovirus Capsid 


3.2.1.1 Ad Capsid Display of Foreign Peptides and Immune Evasion Proteins 

As noted earlier, the Ad capsid is composed of nine proteins, and of these protein IX, 
fiber, hexon, and penton proteins have all been targeted for genetic insertion of foreign 
peptides, either as in-frame insertions within the proteins or as in-frame C-terminal 
fusions.!*5 The goal of some of these modifications has included reducing Ad-associated 
immune toxicity. To achieve this goal, several innovative strategies of Ad capsid 
modification (including modification of the HVR5 of hexon protein, the HI loop or 
C-terminus of fiber knob, and protein IX C-terminus) have been developed and tested 
in vivo in mice,” nonhuman primates,!*° and human clinical trials.!*7 Studies in our 
laboratory previously showed that Ad capsid display of the natural complement inhibi- 
tor, human decay-accelerating factor (DAF) as a fusion protein from the C-terminus of 
the Ad capsid protein IX (Ad-DAF), improved the efficacy and the safety of Ad-based 
gene transfer in mice.!**-!49 Moreover, systemic administration of DAF-displaying Ad 
vectors significantly reduced Ad-triggered innate immune responses (including reduced 
inflammatory cytokines and chemokines, activation of innate (NK, macrophage, and 
DCs) and adaptive (CD8* and CD4 T cells) immune cells, thrombocytopenia, liver 
toxicity, and endothelial cell activation), as compared to unmodified Ad vectors. 148-149 
Importantly, the reduced innate immune responses following Ad-DAF vector admin- 
istration significantly correlated with reduced Ad-specific NAbs responses as well as 
reduced transgene (HIV-Gag and GFP)-specific T-cell immune responses.!48 Simi- 
larly, our laboratory also constructed Ad vectors displaying a 13 amino acid long pep- 
tide (COMPinh),!°° known to inhibit complement activation in human and nonhuman 
primates.!5! COMPinh peptide was inserted in-frame as a C-terminal fusion in protein 
IX or embedded within the HI loop of the Ad fiber protein.!°° We found that, COMP- 
inh-displaying Ad vectors minimized Ad-dependent activation of human and nonhuman 
primate complement systems in vitro,!°° indicating that capsid display strategies of 
immune modulation proteins/peptides might be beneficial in humans. 
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3.2.1.2 Chemical Modification of Ad Capsid 

The rationale for some Ad capsid modifications is to completely mask the viral capsid 
antigenic epitopes in order to prevent Ad vector interactions with various blood com- 
ponents, including complement proteins, coagulation factors, and preexisting NAbs. 
Achieving this goal should, in principle, reduce Ad-induced toxicity at the least, and 
possibly prolong transgene expression, and/or allow for repeated Ad administrations 
to be more efficacious. Hexon and fiber proteins are the most frequently modified 
Ad capsid proteins in these examples.!° For example, the Ad capsid hexon protein 
has been complexed with several biodegradable polymers to shield the vector from 
the deleterious effect of the innate and adaptive immune responses.!5>!53 One of the 
commonly utilized polymers is the FDA-approved compound, polyethylene glycol 
(PEG), a capsid modification methodology known as “PEGylation.”!>* Importantly, 
up to 18,000 PEG molecules can be complexed to a single Ad capsid. Several studies 
have shown that PEGylation of the Ad capsid diminished the activation of cytotoxic 
CD8* T cells, reduced the skewing of CD4* T helper cells toward Th1-type response, 
and decreased the development NAbs against native Ad capsid antigens, thus increas- 
ing the persistence of Ad vectors.!>> These diminished responses to Ad vector capsid 
proteins positively correlated with prolonged transgene expression and allowed for 
partial readministration of Ad vectors in homologously treated animals.'°* 

Similarly, the use of polylactic glycolic acid,!>>:!>° lipids (liposomes, both cationic 
and anionic),!°7:!°8 and the N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer 
significantly improved the efficiency of gene transfer by capsid-modified Ad vectors. 
For example, the use of anionic liposomes to encapsulate Ad vectors enhanced Ad vector 
transduction (in CAR-deficient cells), evaded Ad vector neutralization by Ad-specific 
NAbs, and induced lower cytotoxicity, as compared to uncoated Ad vectors.!°? Sim- 
ilarly, the use of HPMA to coat Ad vectors resulted in lower complement and NAb 
binding, increased persistence, and decreased interaction with the complement recep- 
tor on the human erythrocytes.!:!©! As a result, enhanced cellular transduction was 
observed when HPMA-coated Ad vectors were utilized in vivo in mice, even in the 
presence of Ad-specific NAbs.!® Furthermore, modification of Ad vectors by argi- 
nine-grafted bioreducible polymers (ABPs) (Ad-AE1/GFP-ABP) has been shown to 
increase cellular transduction and to reduce Ad-triggered liver toxicity and IL-6 pro- 
duction both in vitro and in vivo, as compared to unmodified Ad-AE1/GFP vector. 16° 
Moreover, ABP-modified Ad vector persisted 45-fold more in the blood circulation 
and evaded neutralization by anti-Ad-specific NAbs.!°2 

Besides diminishing adaptive immune responses to Ad capsid proteins, modification 
of Ad capsid, such as via PEGylation, has been shown to decrease Ad-triggered innate 
immune responses and liver toxicity including decreased production of proinflamma- 
tory cytokines and chemokines (mainly IL-6, TNFa, IL-12, MCP-1, and IP-10), reduced 
thrombocytopenia, and decreased leukocyte infiltration in various host tissues after sys- 
temic Ad vector administration.!® In addition to direct PEGylation of hexon protein, a 
group recently developed a strategy to improve Ad vector gene transfer efficacy by mix- 
ing Ad vectors with PEGylated blood coagulation factor X.!°* Systemic administration 
of PEG-FX-associated Ad vectors improved the efficacy of Ad vector gene transfer, 
including increased Ad persistence and prolonged transgene expression. !°* 
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Despite various advantages of PEGylation, several studies have also suggested that 
PEGylation of Ad capsid proteins may interfere with Ad vector interactions with the 
CAR receptor, thus significantly reducing their transductional efficiencies, especially 
when the PEGylation ratio is increased.!65-166 Moreover, several studies showed that 
i.v. administration of PEGylated Ad vectors into previously immunized mice failed to 
induce transgene expression.!°* Therefore, Ad PEGylation strategies that improve their 
therapeutic efficacy without decreasing cellular transduction and transgene expression 
are needed. It is also unclear if these strategies can be scaled to human use, for exam- 
ple, if batch-to-batch variations in the overall PEGylation state of the Ad capsid can 
be controlled to permit eventual FDA or other appropriate governmental approvals. 


3.2.1.3 Genetic Modification of Ad Capsid Proteins 
Several strategies were also utilized to mutate several regions of Ad capsid proteins 
in order to improve their gene transfer efficacy, but may also allow for improvements 
in evading anti-Ad capsid immune responses. For example, systemic administra- 
tion of Ad vectors containing fiber protein mutants (deleted of the fiber shaft KKTK 
motif) and/or penton protein mutants (RGD deleted Ad (Ad-BGal-ARGD)) resulted 
in significantly reduced expression of several inflammatory genes as well as reduced 
production of several proinflammatory cytokines and chemokines (e.g., MIP-la, 
MIP-18, RANTES, TNFa, IP-10, and IFN).!°7:!°8 However, these fiber- and penton 
base-modified Ad vectors still induced high levels of Ad-specific NAbs.?* Moreover, 
these modified Ad vectors also produce increased transgene-specific humoral immune 
responses, as compared to unmodified Ad vectors,!®’ suggesting that this modification 
strategy may be beneficial in Ad-based vaccine development approaches. In addition 
to modulating innate and humoral immune responses, these capsid-modified Ad vec- 
tors have reduced tropism/transduction efficiency in vitro and in vivo. !67-168 

Innate immune responses by Ad vectors are induced following fiber knob interac- 
tions with coagulation factor IX and complement factor C4BP.!7’ Decoupling these 
interactions, preventing liver and Kupffer cell transduction, may allow for improved 
safety profiles of systemically delivered Ads. For example, administration of fiber 
knob mutated Ad5 vectors, AdGSAF(AB)APS35-L2, resulted in about 15,000-fold 
(after i.v. injection) and 500-fold (after IP injection) lower mouse liver transduction, 
as compared to unmodified Ad5 vectors.!© In addition, reduced innate inflamma- 
tory responses (such as serum IL-6) and liver toxicity (reduced AST and ALT levels) 
were also observed following AdSAF(AB)APS35-L2 administration, as compared to 
unmodified Ad5 control vectors.!©? 


3.2.2 Chimeric Adenovirus Vectors in Gene Therapy and 
Immune Modulation Strategies 


This strategy aims to improve Ad vector efficacy by enhancing transgene expression 
in the presence of Ad-specific Nabs by utilizing Ad vectors derived in part or wholly 
from alternative serotype Ads. This strategy also aims to change the tissue tropism 
of Ad vectors and to evade the host’s innate and adaptive immune responses. There- 
fore, several elegant approaches have been utilized to swap/replace Ad capsid proteins 
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with capsid proteins from alternative/rare Ad serotypes. To construct a chimeric capsid- 
modified Ad vector, a subportion of the genomic elements of Ad is replaced with 
a fragment from the alternative Ad serotype, or, in some cases, the entire Ad vector 
genome is composed of proteins exclusively derived from the alternative serotype Ad 
vector genome.!7-!75 For these modification, both hexon and fiber proteins of the 
commonly utilized Ad vectors, such as Ad5, were routinely modified with proteins 
from the rare alternative Ad serotypes. For example, in a side-by-side comparison 
of IFNa production from human peripheral mononuclear cells (PBMCs) following 
infection with unmodified Ad5 vectors or with Ad5 vectors containing fiber proteins 
from Ad16, Ad35, or Ad37,!74 it has been shown that Ad5 vectors expressing the 
Ad35 fiber (which transduced CD46, instead of CRA-expressing cells) produce sig- 
nificantly increased levels of IFNa from human PBMCs.!”* These data indicate that 
binding of Ad35 fiber knob to CD46 receptor induces more potent innate immune 
responses, as compared to Ad5 interaction with the CAR receptor. Since Ad5-specific 
NAbs are primarily targeted toward the hexon protein,’ several studies showed that 
systemic administration of Ad5 vectors expressing hexon proteins from alternative Ad 
serotypes, such as Ad3, Ad6, or Ad12 into Ad5-immune mice, significantly evaded 
Ad5-specific NAb responses, and thereby, increased transgene expressions were 
observed.!7!:!75-!76 Despite these exciting results, it has also been shown that NAbs 
against Ad3, Ad26, and Ad12 hexons already exist in human subjects,!’’ indicating 
that this approach might not fully mitigate preexisting anti-Ad immunity present in 
certain human populations. 

A hexon-modified Ad5 vector containing seven hexon HVRs (HVRI1-7) from the 
relatively rare Ad serotype, Ad48 (Ad5HVR48), has also been intensively studied.!*7 
Administration of AdSHVR48 into Ad5-immune mice and/or nonhuman primates 
significantly evaded Ad5-specific preexisting immunity against the hexon HVRs and 
improved Ad5-based gene transfer therapy.°”:!*° In addition, a single administration 
of AdSHVR48-modified vector expressing portions of the SIV Env/Gag/Nef/and Pol 
proteins resulted in improved immune responses to these same proteins, and allowed 
improved resistance of these vaccinated rhesus macaques to subsequent SIV chal- 
lenge.'’® It has also been shown that vaccination with 10°-10!! viral particles (vps) 
doses of AdSHVR48 expressing the HIV! EnvA antigen is safe and well tolerated 
and induced significantly higher levels of EnvA-specific humoral immune responses, 
despite the presence of Ad5-specific Nabs in human clinical trials. 147 


3.2.3 Advanced Generations of Adenovirus Vectors 


It is now widely accepted that E1 and E3 deleted (e.g., first generation) the replica- 
tion incompetent and continue expressing Ad viral genes “leaky expression,” includ- 
ing genes for Ad capsid proteins.*!4?:!79:!8° Therefore, transduction of cells with first 
generation Ad vectors can result in processing and display of capsid protein-derived 
immunogenic epitopes on MHC class I (MHC-I) molecules. Consequently, Ad-specific 
T- and B-cell responses will be developed, a phenomenon that is associated with 
continued inflammation, transient transgene expression due to viral clearance, and 
development of long-lived, Ad-specific cytotoxic T cells and NAb memory responses. 
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To prevent leaky expression from first-generation Ad vectors, several next generation 
Ad vectors, harboring additional deletions in the E2A, E2b, and E4 regions, have 
been developed and shown to prolong transgene expression while reducing vari- 
ous forms of toxicity.?440-42.181-184 Fully deleted, helper virus-dependent Ad vectors 
(HD-Ads, also called “gutless” or third generation adenoviruses) have been developed 
in order to further prolong transgene expression by removing all Ad genes from the 
fully deleted HD-Ad vector.'*> These vectors have the entire viral genome deleted, 
except the inverted terminal repeats and the packaging signals; therefore, no viral 
genes will be transcribed.!*° In addition, they can accommodate up to 37 kb of foreign 
DNA, which allow for delivery of large segments of therapeutic genes.'*’ Despite this 
unique feature and due to the need to use a large amount of the therapeutic HD-Ads 
in order to achieve acceptable therapeutic efficacy, HD-Ad vectors have been shown 
to induce some innate immune responses in a manner similar to that of first genera- 
tion Ad vectors. For example, systemic administration of HD-Ad vectors into mice!** 
or nonhuman primates!®? induces potent innate immune responses and liver toxici- 
ties, in a dose-dependent manner. It is important to note that, unlike first-generation 
Ad vectors that induce a second wave of innate immunity (originated primarily from 
Ad-specific cytolytic T cells) at day 7 after administration,!®® HD-Ad vectors do not 
induce innate immunity beyond 24h post injection. 188 For example, intracranial injection 
of an HSV-1-derived thymidine kinase and fms-like tyrosine kinase ligand 3 (Flt3L)- 
expressing HD-Ad vectors induced tumor regression and long-term survival in a 
mouse!” and rat!?! model of intracranial glioblastoma, despite the presence of high 
levels of Ad-specific immunity. 

The induction of innate toxicity by HD-Ad vectors has been significantly reduced 
by improving the vector delivery methods themselves such as the use of the “balloon 
occlusion catheter-based method” to isolate the nonhuman primate liver, to minimize 
systemic distribution of the vectors during liver-targeting gene therapy.!°?:!9 For 
example, the use of a balloon occlusion catheter-based method in nonhuman primates 
increased HD-Ad vector hepatic transduction and reduced proinflammatory cytokines 
responses as well as prolonged transgene expression for at least 413 days, as compared 
to conventional administration methods.!°? Furthermore, HD-Ad vectors have also 
been utilized in neurological gene therapy trials and achieved a long-term transgene 
expression in the brain. 


3.2.4 Alternative Adenovirus Serotypes 


3.2.4.1 Human Adenoviruses 

The presence of preexisting immunity to the commonly utilized Ad vectors, Ad2 and 
Ad5, represents a major limitation for their use in human gene therapy and vaccine 
applications.” As a result, several strategies have been developed to overcome this 
problem by constructing alternative/rare Ad serotype-based vectors.!°* Several human 
Ad serotypes have been constructed and used as a gene transfer vector in both gene 
therapy and vaccine applications. For example, subgroup B (such as Ad3, Ad7, Ad11, 
Ad14, Ad35, and Ad50), subgroup D (such as Ad26, Ad48, Ad24, and Ad49), sub- 
group E (Ad4), and subgroup F adenoviruses (such as Ad41) have all been constructed 
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and used in various preclinical and clinical applications. The seroprevalence of these 
alternative Ads is very low, as compared to Ad2 and Ad5 vectors. For example, screen- 
ing for the presence of NAbs to Ad5, Ad26, Ad35, and Ad48 in 4381 individuals from 
North America, South America, Sub-Sahara Africa, and Southeast Asia revealed that 
NAbs against Ad35 are infrequent and very low in all regions studied.” In contrast, 
NAbs to Ad48 vectors were only detected in individuals from East Africa.’ Similarly, 
Ad26-specific NAbs were only moderately present in individuals from Sub-Sahara 
Africa and Southeast Asia, but significantly lower than Ad5-specific NAbs in all 
areas.” Very high levels of NAbs against Ad5 were detected in all regions. These data 
indicate that alternative Ad serotype-based vectors can be used as gene transfer deliv- 
ery vectors in the developing world. 

These alternative Ad serotype vectors are different from each other in terms of cel- 
lular receptor utilization and immunogenicity. The commonly utilized subgroup C of 
human Ad (HAd) vectors use the CAR receptor for cellular transduction. In contrast, 
subgroup B HAd vectors utilize desmoglein-2 and the cellular coreceptor CD46, !95-196 
which make them better gene delivery vectors for CAR-deficient cells. Moreover, it 
has been shown that HAd26 and HAd48 can also utilize CD46 as their primary cell 
entry receptor.'*°-!°7 These studies make clear that use of alternative serotype Ads to 
avoid preexisting Ad5 immunity also entails new obstacles, not the least of which is 
the unique “innate immune response” signature that each Ad serotype likely generates 
after administration in vivo. 

With regard to immunogenicity, our lab previously characterized and studied 
innate immune responses after systemic administration of various Ad serotypes 
HAd31, HAd3, HAd5, Simian-derived Ad23, HAd37, and HAd41, which repre- 
sent subgroups A-F.°® We observed significant differences in vector biodistribution 
between these Ad serotypes, with high levels of HAd3 genomes found in the liver 
and lung, and HAd37 genomes found in the spleen. Human Ad3 and simian-derived 
Ad23 induced higher innate immune responses (including higher plasma levels of 
several proinflammatory cytokines and chemokines, and higher expression levels of 
various innate immune genes) as compared to other viruses.°* We also constructed 
an alternative serotype Ad vector that belongs to subgroup E, HAd4, and evaluated 
innate and adaptive immune responses following systemic, i.v., and local, i.m., 
administration. Compared to HAd5 vectors, administration of HAd4-based vectors 
induced significant increases in innate immune responses both in vitro and in vivo,’* 
in a complement-dependent manner. Homologous and/or heterologous prime-boost 
vaccination with Ad4 vectors expressing the Plasmodium falciparum-derived anti- 
gen, circumsporozoite protein (CSP), significantly induced higher CSP-specific cel- 
lular and humoral immune responses in HAd5 preimmune mice, as compared to 
Ad5-CSP-treated mice.!%8 Similarly, it has been shown previously that vaccination of 
rhesus monkeys with Ad26 and Ad48 vectors induced higher levels of IFNy, IL-1RA, 
IL-6, and IP-10 cytokines, as compared to Ad5 vaccinated monkeys,'*° indicating 
that CD46-induced pathways are more efficient in activating innate immunity than 
the CAR-induced pathways. The enhanced innate immune responses triggered fol- 
lowing Ad35, Ad26, and Ad48 vector vaccination resulted in increased adaptive 
immune responses, as compared to Ad5-treated animals. !46 
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In addition to subgroup E, subgroup B-derived vectors, such as Ad35 and Ad11, 
have been repeatedly used in gene therapy and vaccine applications.!°? For exam- 
ple, utilization of SIV-Gag-expressing Ad11 and Ad35 vectors in Ad5 immune mice 
induced high-frequency immune responses both in the presence and in the absence 
of anti-Ad5 immunity,?”° indicating that these rare serotypes can evade Ad5-specific 
immunity. As a result of these preclinical studies, a phase I randomized, double-blind, 
placebo-controlled trial to assess the safety and immunogenicity of escalating doses 
of two Ad35 vectors expressing the HIV1 Gag, reverse transcriptase, integrase and 
nef (Ad35-GRIN), and env (Ad35-ENV) was conducted in 56 healthy HIV-uninfected 
individuals.*°! Ad35 vectors were found to be safe and tolerated and were able to 
induce HIV antigen-specific humoral and cellular (polyfunctional and broad CD4+ 
and CD8* T cells) immune responses, in a dose-dependent manner. Similarly, Ad35 
vectors have also been utilized as a vaccine platform for malaria in human clinical tri- 
als.?!.20? CSP-expressing Ad35 vectors (Ad35.CS.01) were im administered in healthy 
adult subjects (up to 10!! vps) and found to be safe and were able to induce CSP-specific 
humoral and CD8t T-cell immune responses, in a dose-dependent manner. However, 
Ad35-specific NAbs were also induced in these human subjects following Ad35. 
CS.01 administration,”! suggesting that this platform will also face neutralization on 
readministration. 

The other promising alternative Ad serotype platform that was recently used in 
human clinical trials is the subgroup D-derived vector, Ad26.2%.2 Initial studies uti- 
lizing Ad26 as a vaccine vector in mice?” and nonhuman primates”*. indicated that 
Ad26-based vaccines are able to induce potent transgene-specific adaptive immune 
responses, in Ad5-preimmunized animals. As a result of these promising studies, a 
human clinical trial using Ad26 as a vaccine platform for HIV (Ad26-EnvA) was 
recently conducted in 60 Ad26-seronegative healthy, HIV-uninfected subjects.” 
The Ad26-EnvA vaccine platform was shown to be safe and immunogenic (Ad26- 
EnvA was able to induce durable (up to 52 weeks) EnvA-specific humoral and cellular 
immune responses in all vaccinated subjects),”°° indicating that Ad26 might be a bene- 
ficial platform for HIV1 vaccine. Due to the complication of Ad5-specific immunity in 
HIV vaccine trials,2°”.2°8 it is necessary to evaluate the ability of Ad26 to induce trans- 
gene-specific immune responses in Ad26 preimmune subjects. Also, it is necessary to 
evaluate the possible complication of Ad26 preexisting immunity in the vaccinated 
human subjects, especially in the case of HIV high-risk individuals. 


3.2.4.2 Nonhuman Ad-Derived Ad Vectors 

Besides human Ads, adenoviruses derived from nonhuman species were also constructed 
and utilized in several preclinical and clinical applications.2°” The goal of this approach 
is to evade preexisting humoral and cellular immunity against human Ad serotypes, 
due to the fact that diseases caused by these nonhuman Ads are species specific and 
these viruses do not infect humans. Several vaccine and gene therapy vectors derived 
from chimpanzee Ads (such as ChAd3, ChAd6, ChAd7, ChAd63, and ChAd68),?!02!3 
canine (such as canine serotype 2 Ad (CAd2)),”!* bovine (such as bovine serotype 3 Ad 
(BAd3)),7!>7!° fowl Ads (such as FAd1, FAd4, FAd8, FAd9, and FAd10),?!77!8 ovine 
(such as the ovine serotype 7 Ad (OAd7)),2!° and porcine?2°??! were constructed and 
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tested in various experimental animal models and humans. Results utilizing these non- 
human Ad vectors in mice, nonhuman primates, and human clinical trials revealed that 
these vectors can evade HAd-specific preexisting immunity, suggesting that nonhuman 
Ad vectors may be utilized as a gene transfer vectors in humans. 

Some of the best characterized nonhuman Ad vectors are the ones that are derived 
from canine serotype 2 Ad (CAd2) vectors.” One of the unique features of CAd2 is 
the structure of their capsid, which allowed them to evade preexisting NAbs against 
human adenoviruses. For example, a side-by-side comparison for the three-dimensional 
structure of the capsid protein of CAd2 and HAd5 vectors revealed significant 
differences between these two platforms.”?? The CAd2 capsid contains a smooth sur- 
face with shorter external loops, as compared to the longer loops that are commonly 
present in HAd5 penton base and hexon proteins, which are the common targets 
for neutralization by HAd5-specific NAbs.?? In addition, significant differences in 
the fiber shaft and pIX structures were also observed between CAd2 and HAd5.?”% 
Together, these differences allowed CAd2 to evade HAd5-specific NAb responses.?”+ 
Another unique feature for CAd2 vectors is their ability to transduce neuronal cells 
and their high level of retrograde axonal transport in the central and peripheral nervous 
system,”*> suggesting that these vectors can be used as a gene transfer delivery system 
for neurological disorders. 

Another promising type of nonhuman Ads is the chimpanzees-derived Ad vec- 
tors.?!! Initial studies using the ChAd68 vectors (ChAd68/Pan9/SAdV25; species 
HAd E) confirmed the ability of these vectors to grow in HEK293 cells, transduce a 
number of CAR receptor-expressing human and murine cell lines, and to avoid neu- 
tralization by HAd-specific NAbs.?7°7’ Structurally, ChAd68 viruses were also found 
to be similar to human adenoviruses.”*° Additionally, they contain a genome (about 
36kb) that is closely related to subgroup E of human adenoviruses, with 90% sequence 
homology to human Ad4 virus.” Importantly, significant differences were observed 
between ChAd68 and human adenoviruses in the hexon HVRs, which enabled them to 
evade neutralization by human and rhesus monkeys sera, as well as sera from human 
Ad2-, Ad4-, Ad5-, Ad7-, and Ad12-immunized mice.?2° These features make ChAds 
a good candidate for gene transfer applications in humans. Results from these stud- 
ies confirmed the ability of ChAd vectors to infect human cells and induce potent 
antigen-specific immune responses in humans.??°-?33 ChAd3 vectors expressing the 
glycoprotein of Zaire and Sudan species of Ebola virus (cAd3-EBO) have been tested 
in a phase I human clinical trial (note: the trial was still ongoing at the time of the 
preparation of this chapter) and found to be safe and tolerated.?>* In addition, vac- 
cination with cAd3-EBO induced Ebola glycoprotein-specific humoral and cellular 
responses in all vaccinees (20 participants), in a dose-dependent manner.?** Similarly, 
ChAd63 vectors were also utilized as a vaccine candidate for several infectious dis- 
eases, including malaria and HIV.2??-*°> For example, a recent phase I human clinical 
trial utilizing a ChAd63 vector that expresses the P. falciparum-derived CSP antigen 
confirms the ability of this platform to induce high levels of T-cell responses to CSP. 
ChAd63-CSP vectors also induced CSP-specific antibody responses up to 140 days.?*> 
These results suggest that ChAd vectors are safe and immunogenic in humans, and do 
not pose increased toxicity risks in vaccine applications. 
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4. Concluding Remarks 


Induction of potent innate and adaptive immune responses by the commonly utilized 
human Ad5 vectors is a major limitation for their utilization in human applications. In 
some respects, the more efficient a gene transfer vector is in its ability to transduce a 
gene into a host tissue, the more likely it is to induce significant innate and adaptive 
immune responses. The human innate system has evolved to detect small amounts of 
pathogens, pathogens that attempt to invade the human body by a number of evolv- 
ing strategies as well. Therefore, it is no wonder that one of the most efficient gene 
transfer vectors of all, Ad-based vectors, has also led the way in elucidating the many 
aspects of innate and adaptive immune responses faced by any gene transfer vec- 
tor. Collectively, these responses induce unwanted toxicity, reduce cell transduction 
efficiencies, and limit the duration of therapeutic transgene expression. To overcome 
these significant problems, we have summarized some of the various strategies devel- 
oped to improve Ad vector-mediated gene transfer in a variety of clinical applications. 
Global transient immune suppression of the host prior to Ad vector administration is a 
beneficial strategy in certain settings; however, this strategy requires careful attention 
to the host, especially in immune-compromised patients. Modulation of Ad vector- 
induced innate and adaptive immune responses, encapsulation of Ad vectors, modifi- 
cation of Ad capsid structure, and the use of alternative Ad serotypes are all promising 
innovative strategies; however, these strategies require further evaluation in order to 
improve the outcome of Ad vector-based therapies. Further testing of these novel strat- 
egies and gene transfer vectors in nonhuman primates and human clinical trials will 
shed light on their safety and molecular mechanisms of action as well as their clinical 
utility in humans. 
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1. Introduction 


Helper-dependent adenoviral vectors (HDAds) (also referred to as gutless, gutted, 
mini, fully deleted, high capacity, A, pseudo, encapsidated adenovirus minichromo- 
some) are deleted of all viral genes. Like early-generation adenoviral (Ad) vectors, 
HDAds can efficiently transduce a wide variety of dividing and nondividing cells 
to mediate high-level transgene expression. However, unlike early-generation Ad 
vectors, the absence of viral genes enables HDAds to mediate long-term transgene 
expression without chronic toxicity. Moreover, deletion of viral genes permits a large 
cloning capacity of 37kb. Because HDAd genomes exist episomally in transduced 
cells, the risks of germline transmission and insertional mutagenesis are negligible. 
Several strategies for producing HDAds, and numerous in vivo, in vitro, and ex vivo 
applications of HDAd-mediated gene transfer for gene and cell therapy have been 
published. The purpose of this chapter is not to provide a comprehensive review of all 
of these studies, but rather to describe examples of particular significance or interest. 


2. Production of Helper-Dependent Adenoviral Vectors 


Currently, the most efficient and widely used method for producing HDAds is based 
on the Cre/loxP system! (Figure 1). In this system the HDAd genome is first con- 
structed in a bacterial plasmid. Minimally, the HDAd genome includes the expression 
cassette of interest and ~500bp of cis-acting Ad sequences required for vector DNA 
replication (ITRs) and packaging (w). In addition, a small segment of noncoding Ad 
sequence from the E4 region adjacent to the right ITR can be included to increase vec- 
tor yield, possibly by enhancing packaging of the HDAd DNA. Stuffer DNA is often 
required to bring the size of the HDAd genome up to the packaging requirements of 
the viral capsid, which is between 27.7 and 37.8 kb.>+ 

To convert the plasmid form of the HDAd genome into the viral form, the plasmid 
is first digested with the appropriate restriction enzyme to liberate the HDAd genome 
from the bacterial plasmid sequences. The 293 cells expressing Cre recombinase are 
then transfected with the linearized HDAd genome and subsequently infected with a 
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Figure 1 The Cre/loxP system for generating HDAds. The HDAd contains only ~500 bp of 
cis-acting Ad sequences required for DNA replication (ITRs) and packaging (wy); the remain- 
der of the genome consists of the desired transgene and non-Ad “stuffer” sequences. The 
HDAd genome is constructed as a bacterial plasmid (pHDAd) and is liberated by restriction 
enzyme digestion (e.g., Pmel). To rescue the HDAd, the liberated genome is transfected into 
293 cells expressing Cre and infected with an HV bearing a packaging signal (y) flanked by 
loxP sites. The HV genome also contains a stuffer sequence in E3 to prevent the formation of 
RCA in 293-derived cells. Cre-mediated excision of y renders the HV genome unpackagable, 
but still able to replicate and provide all of the necessary trans-acting factors for propagation 
of the HDAd. The titer of the HDAd vector is increased by serial coinfections of 293Cre cells 
with the HDAd and the HV. 


helper virus (HV). The HV is an El-deleted Ad that bears a packaging signal flanked 
by loxP sites and thus following infection of 293Cre cells, the packaging signal is 
excised from the helper viral genome by Cre-mediated site-specific recombination 
between the loxP sites (Figure 1). This renders the helper viral genome unpackaga- 
ble but still able to replicate to trans-complement the replication and encapsidation 
of the HDAd genome. The titer of the HDAd is increased by serial coinfection of 
293Cre cells with the HDAd and the HV. Improved reagents and optimized methods 
have permitted rapid and robust large-scale production of high-quality HDAds with 
very low HV contamination levels.> Detailed methodologies for producing HDAds are 
described elsewhere.®’ Other alternative strategies for producing HDAds have also 
been developed.*-!? However, due to space constraints, these will not be discussed 
because the Cre/loxP system remains the method of choice for HDAd production. 
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Because the HV is an El-deleted Ad, the generation of replication-competent Ad 
(RCA; E1*) as a consequence of homologous recombination between the HV and the 
Ad sequences present in 293-derived cells can occur.!:!> To prevent the formation of 
RCA, a “stuffer” sequence was inserted into the E3 region to render any E1* recom- 
binants too large to be packaged.':'* The length of the E3 stuffer is such that the 
total size of the HV genome is <105% of wild type but >105% following homologous 
recombination with Ad sequences in the 293 cells, and thus unpackagable. 

Since the HDAd genome exists episomally, integrating into the host chromosomes 
only at very low frequencies, it is likely that transgene expression will not be per- 
manent, especially if the target cells are dividing. Should transgene expression fade 
over time, it would be desirable to simply readminister the vector. Unfortunately, 
this approach is not possible using the same vector because the initial administra- 
tion elicits neutralizing anti-Ad antibody that renders subsequent readministrations 
ineffective. One strategy, known as “serotype switching”, may help to overcome this 
problem. In addition to the Ad serotype 5-based HV, other HV based on serotypes 1, 
2, and 6 have been generated.'!°-!’ Therefore, genetically identical HDAds of differ- 
ent serotypes can be generated simply by changing the serotype of the HV used for 
vector production. There are ~50 human serotypes of Ad. Therefore, it may be possi- 
ble to create a panel of different serotype HVs for producing different serotypes but 
genetically identical HDAds. These HDAds could then be given sequentially when 
transgene expression wanes from the previous vector administration, as shown by sev- 
eral in vivo studies.!^!8 Because of the large number of Ad serotypes, this could be 
theoretically repeated for the lifetime of the patient. 

A variety of serotype five HVs with genetic elements from other serotype Ads have 
been described. These chimeric HVs permit the production of chimeric HDAds with 
novel and useful properties. For example, cells that do not express CAR are ineffi- 
ciently transduced by the most commonly used serotype 5 Ad-based vectors. To over- 
come this, the fiber gene of a serotype 5 HV was replaced with the fiber gene from 
serotype 35 and this chimeric HV was used to produce a chimeric HDAd that utilized 
CD46 as the cellular receptor instead of CAR.!? Likewise, serotype 5 HV bearing the 
fiber knob domain from serotype 3 was used to produce a chimeric HDAd that could 
more efficiently transduce adult muscle in mice.2° As discussed below, Kupffer cells 
of the liver trap intravenously injected Ad vectors. To avoid this, the hypervariable 
region (HVR) of the capsid hexon protein in the serotype 5 HV was replaced with the 
HVR from serotype 6, and this was used to produce a hexon chimeric HDAd better 
able to evade Kupffer cell uptake.?! 

Although current systems cannot produce HDAds free of HV, it should be noted 
that the HV is an El-deleted Ad at low contaminating amounts, which are far below 
the much higher quantities of E1-deleted Ad that have been given to numerous patients 
in clinical trials without adverse events. It should also be noted that in mouse models, 
intravenous!> or intramuscular?” injections of HDAds with up to 10% HV contami- 
nation did not reduce the duration of transgene expression or result in significantly 
higher toxicity compared to preparations with only 0.1-0.5% contamination. 

The large cloning capacity of HDAds permits accommodation of transgenes in their 
native genomic context. This is important because the level and duration of expression 
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of transgenes in their native genomic context are superior compared to their cDNA 
counterparts. 1823-24 This is likely due to a more physiological regulation of gene expres- 
sion. HDAds offer the advantage of transferring many genes in their genomic context 
whereas other vectors [e.g., early-generation Ads, retroviral, lentiviral, or adeno- 
associated viral (AAV) vectors] cannot, due to their limited cloning capacity. 


3. Intracellular Status of Helper-Dependent 
Adenoviral Vectors 


HDAd genomes appear to exist in the nucleus as replication-deficient linear mono- 
mers both in cell culture and in mouse livers.” However, one study found, at least in 
cell culture, that approximately 1-3% of HDAd genomes have circularized and con- 
tain end-to-end joining of the Ad termini.” The intracellular HDAd genome is assem- 
bled into chromatin through association with cellular histones, promoting efficient 
transgene expression.?’:28 Because the vector genome is episomal, it is lost during 
cell division. However, Ehrhardt et al. discovered that the episomal persistence of the 
HDAd genome in murine liver is greater than plasmid DNA by a mechanism that has 
not been yet identified.?? 

Although Ad and Ad vectors are episomal, it is reasonable to assume that inte- 
gration of vector DNA into the host genome occurs sporadically. Several studies in 
cell culture have investigated the frequency of HDAd genome integration and found 
random integration frequencies to be 10-3 to 1075 per cell, depending on the experi- 
mental conditions.*°-** Further, these studies revealed that vector genomes appear to 
integrate as intact monomers with little or no loss of sequences at the vector ends, and 
an apparent preference for integration into genes.*!°2 However, artificial conditions 
of cell culture and inherent genetic instability of cultured cells have led one group to 
investigate HDAd genomic integration in mouse livers.*° The investigators found a 
lower in vivo integration frequency of 6.72 x 10-75 per hepatocyte compared to culture 
cells, and the vector appeared to integrate through its termini.*> 


4. Helper-Dependent Adenoviral Vectors 
as a Platform for Hybrid Vectors 


In nondividing cells, the HDAd genome exists as a stable episome, thus conferring 
stable transgene expression. However, in dividing cells, the HDAd genome is lost 
because it integrates rarely, and it does not possess any replicative or nuclear reten- 
tion mechanisms. Thus, HDAd are not useful for long-term expression in actively 
dividing cells. However, because Ad-based vectors remain one of the most efficient at 
gene transfer, numerous hybrid vectors using the HDAd platform have been devised 
to permit high efficiency transduction and long-term transgene expression in divid- 
ing cells. One class of hybrids consists of integrating vectors encoded by HDAd; 
the HDAd provides high-efficiency transduction of the target cell to express the 
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integrating vector, which then mediates integration of the transgene into the target 
cell chromosomes. Integrating systems encoded by HDAds included retroviral vec- 
tors, AAV, sleeping beauty transposon, bacteriophage phiC31, and retrotransposons. 
In these systems, integration requires expression of an integrase or transposase, which 
may have off-target effects and could be immunogenic. Also, there is always a concern 
with genotoxicity with any integrating vector. The reader is referred to an excellent 
review by Miither et al. for more details on these HDAd-based hybrid vectors.*° To 
overcome potential genotoxicity of integrating vectors, HDAds encoding episomal 
replicons have been developed. Instead of integrating, these HDAd-encoded episomal 
replicons can replicate and segregate into daughter cells. Toward this end, HDAds 
encoding Epstein-Barr virus replication and retention mechanisms have been devel- 
oped.?°-37-3° However, these systems require expression of the foreign EBNA1 protein 
in transduced cells to maintain episomal persistence and this might be immunogenic. 
To address this, Voigtlander et al. recently developed a hybrid HDAd that utilized 
only a 2kbS/MAR (scaffold/matrix attachment region) sequence derived from the 
5’-region of the human -interferon gene that mediates episomal persistence and rep- 
lication. This vector resulted in persistent transgene expression following transduction 
of actively dividing cells in vitro and in vivo.*° It should be noted that all of the above 
systems require the episomal replicon to be circular. Because the HDAd genome is lin- 
ear, all the above methods require excision of the episomal replicon from the HDAd as 
a circular genome and this is achieved in all cases by site-specific recombination (Cre 
or FLP). Consequently, a potentially immunogenic recombinase must be expressed in 
the transduced cells. However, expression of recombinase (delivered by another Ad 
vector) is only needed transiently, thus possibly minimizing this risk. 


5. Liver Gene Therapy 


The liver is an attractive target for gene therapy because it is the affected organ in 
many acquired and genetic diseases. The fenestrated structure of its endothelium per- 
mits exposure of hepatocytes to intravenously delivered vector, and permits secretion 
of vector-encoded therapeutic proteins into the circulation for systemic delivery. To 
date, numerous examples of in vivo liver-directed gene therapy for disease models 
using HDAds have been reported. In general, all these studies demonstrate that HDAds 
can lead to long-term phenotypic correction without chronic toxicity. Corrections of 
hypercholesterolemia in apolipoprotein E-deficient mice and hyperbilirubinemia in 
the rat model of Crigler—Najjar syndrome are paradigmatic examples; these studies 
demonstrated that a single intravenous injection of HDAd resulted in lifelong expres- 
sion of the therapeutic transgene and permanent phenotypic correction of a genetic 
disease with negligible toxicity.'*+! Several other rodent studies have illustrated the 
potential of HDAd for long-term phenotypic correction of several disease models.*? 
Importantly, long-term expression by HDAds has also been recapitulated in clinically 
relevant large animal models.*3~*8 

Until recently, it was believed that all Ad5 infection was dependent on receptors 
for cellular attachment (the coxsackie and adenovirus receptor, CAR) and entry 
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(a, integrins).*°>! However, this may not be the case for hepatocytes.5>53 In the 
bloodstream, coagulation factor X (FX) (among other plasma proteins) binds to Ad 
particles.°*>° Binding to FX occurs with extremely high affinity and appears to function 
as a bridge facilitating the attachment of Ad5 to cells: the y-carboxyglutamic acid 
domain of FX binds to Ad5 hexon protein and the serine protease domain of FX binds 
cell-surface heparan sulfate proteoglycans.°? FX is required for Ad5 vectors to trans- 
duce hepatocytes in vivo: mutations in the hexon protein or FX ablation by warfarin 
treatment®-© both resulted in hepatocyte detargeting and negligible hepatocyte trans- 
duction.°* FX also appears to protect Ad vector particles; within the blood, natural 
IgM binds Ad and activates the classical complement pathway resulting in virus 
neutralization. Binding of FX to the virus shields it from IgM binding, thereby 
permitting hepatocyte transduction.®*-* This study contends that in vivo hepatocyte 
transduction is primarily due to FX’s protective role rather than acting as a bridge 
between the virus and the hepatocytes. 


5.1 Threshold Effect to Hepatocyte Transduction 


Relatively high vector doses were required to achieve efficient hepatic transduction 
following systemic intravascular delivery. Following intravenous Ad injection, there 
is a nonlinear dose response to hepatic transduction, with low doses yielding very low 
to undetectable levels of transgene expression, but with higher doses resulting in dis- 
proportionately high levels of transgene expression. Kupffer cells are responsible for 
this nonlinear dose response by avidly sequestering bloodborne Ad particles.6566 Nat- 
ural or preexisting neutralizing antibodies are involved in vector clearance by Kupffer 
cells®-°” through opsonization of vector particles that enhance Fc-receptor-mediated 
vector uptake. Antibodies can also bind indirectly to viral particles through binding to 
complement factor C3.68 Antibody—virus complexes activate the classical complement 
proteins C1, C2, and C4.669 Complement activation results in covalent binding of 
C3 fragments to viral capsid and Ad particle uptake by Kupffer cells via the comple- 
ment receptor Ig superfamily (CRIg) that regulates death of these cells in the liver.”° 
Following uptake of Ad, Kupffer cells undergo rapid proinflammatory necrotic death 
that is controlled by interferon-regulatory factor 3 (IRF3).’!~* Ad uptake by Kupffer 
cells and their necrosis appear to play a protective role and may represent a defen- 
sive suicide strategy, preventing disseminated virus infection.’> Consequently, for 
the host that lacks this macrophage population, even a sublethal virus infection may 
lead to compromised resistance and be detrimental for survival. Mice depleted of tis- 
sue macrophages by clodronate liposomes showed indeed higher virus DNA burden, 
greater hepatotoxicity, and increased lethality.’> Nevertheless, intravenously injected 
Ad5 causes a rapid hemodynamic response presenting with hypotension, hemocon- 
centration, tissue edema, and vasocongestion’*-’° that is dependent, at least in part, 
on upregulation in macrophages of platelet-activating factor, a known shock inducer 
lipid signaling molecule.’° The observation that administration of polyinosine, as well 
as other polyanionic ligands, into mice prior to intravenous Ad injection drastically 
reduces Ad accumulation in Kupffer cells and increases hepatocyte gene transfer®:”’ 
has led to the recognition of scavenger receptor-A (SR-A) and scavenger receptor 
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expressed on endothelial cell type I (SREC-D on both Kupffer cells and endothelial 
cells as mediators of Ad vector uptake.78-8! 

Several studies suggest that the diameter of liver endothelial fenestrations plays 
an important role in the efficiency of Ad-mediated hepatocyte transduction.*?-*+ Ad5 
particles have a diameter of 93 nm with protruding fibers of 30nm* whereas the diam- 
eter of human liver fenestration is ~107nm and thus, the relative smaller size of liver 
fenestrations may be an obstacle for hepatocyte transduction in humans.** 

Systemic administration of high doses of Ad vectors likely results in widespread 
transduction of a large number of various extrahepatic cell types (e.g., blood cells, 
endothelium, spleen, and lung), which may also be important barriers to efficient 
hepatocyte transduction. Over 90% of Ad vectors bind to human erythrocytes ex vivo®> 
through the CAR that is expressed on erythrocytes from humans but not from mice or 
rhesus macaques. Furthermore, erythrocytes from humans but not from mice bear 
the complement receptor 1, which binds Ad5 in the presence of antibodies and com- 
plement.*° Although the liver takes up more vector than any other organ following 
systemic injection, the total amount of vector, on a vector genome copy number per 
microgram DNA basis, is abundantly distributed throughout the body in mice,*’ non- 
human primates,**:°° and human patients.%° 


5.2 Acute Toxicity 


Systemic intravascular administration of Ad-based vectors, including HDAds, can 
result in acute toxicity. This acute response occurs immediately after vector admin- 
istration; its severity is dose dependent and is characterized by elevations in serum 
proinflammatory cytokines as a consequence of activation of the innate inflamma- 
tory immune response against the viral capsid.8’-°*.9!.°? Indeed, dose-dependent acute 
toxicity, consistent with activation of the innate inflammatory immune response, was 
observed following systemic administration of HDAds into nonhuman primates.°* The 
role of the viral capsid in causing the acute toxicity was confirmed by Muruve et al.?* 
showing that intravenous injection of either FGAd or HDAd into mice induced an 
acute expression of several inflammatory cytokine and chemokine genes in the liver. 
However, FGAd, but not HDAd, also induced a second phase of liver inflammation 
from 7 days postinjection. These results demonstrate that HDAds induce intact innate 
but attenuated adaptive immune responses in vivo. 

The mechanism(s) responsible for Ad-mediated activation of the acute inflam- 
matory response is not entirely known, and several have been postulated. Vector 
uptake and activation to secrete proinflammatory cytokines by reticuloendothelial 
system cells including macrophages and dendritic cells in the spleen have been 
involved.*788 Vector transduction of endothelial cells,?>°° peripheral mononuclear 
cells,” and Ad-mediated complement activation®*!° have all been implicated to 
play a role in acute toxicity. Several studies also suggest that antibodies may play a 
role. Both neutralizing anti-Ad antibodies®?.°* and nonneutralizing or naturally occur- 
ring (nonspecific cross-reacting) antibodies®-°°8 may contribute to acute toxicity, 
perhaps by opsonizing the viral particles and rendering them more susceptible to 
Fc-mediated uptake by macrophages, which in turn may become activated to secrete 
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proinflammatory cytokines. For example, systemic vector administration into nonhu- 
man primates resulted in significantly higher IL-6 levels in animals with neutralizing 
anti-Ad antibodies compared to naive animals.*° As described above, FX binds Ad 
within the blood and appears to play a role in the innate response to Ad; following 
macrophage internalization of FX-decorated Ad particles, intracellular FX triggers 
activation of innate immunity via the TLR4/NFKB pathway and thus plays a role in 
activation of the acute toxicity.’> Besides TLR4,”° other Toll-like receptors (TLRs) 
are involved in Ad-induced innate responses, including TLR9 that senses vector 
dsDNA, !°!:102 TLR3,!3 and TLR2. 104105 

Ultimately, the precise mechanism responsible for activation of the acute inflam- 
matory response by systemic Ad is multifactorial and complex and remains to be fully 
elucidated. However, regardless of the precise mechanism, it is likely that a threshold 
of innate immune activation must first be attained, as a consequence of high doses 
and systemic exposure of the vector to many cell types and bloodborne components, 
before severe and lethal acute toxicity is manifested. Evidence of robust activation of 
the acute inflammatory response is observed in both rodents and nonhuman primates 
given comparable systemic high-dose Ad (on a per kg basis). However, it is important 
to emphasize that unlike primates, lethal systemic inflammatory response syndrome 
does not develop in rodents and, in fact, such high doses are well tolerated. This may 
reflect species-to-species differences in the quality of the innate immune response 
or sensitivities of the end organs to pathologic sequelae. This likely accounts for the 
plethora of studies reporting negligible toxicity in mice given high-dose HDAds and 
underscores the importance of safety and toxicity evaluations in larger animals. 


5.3 Overcoming the Threshold to Hepatic Transduction 
and Acute Toxicity 


Several groups have investigated different strategies to overcome the threshold to 
hepatocyte transduction and the obstacle of acute toxicity. Because the severity of 
the acute response is dose dependent and appears to correlate with extrahepatic sys- 
temic vector dissemination, one of these approaches aimed at preferential targeting 
of the vector to the liver, thereby allowing the use of lower vector doses. One strat- 
egy involved injection of HDAd directly into the surgically isolated liver in nonhu- 
man primates and was shown to achieve higher efficiency hepatic transduction with 
reduced systemic vector dissemination compared to systemic injection.** However, 
this approach is invasive and consequently, minimally invasive percutaneous balloon 
occlusion catheter-based methods were developed to achieve preferential hepatocyte 
transduction. One such strategy mimics hydrodynamic injection but without rapid, 
large-volume injection*? and was based on the observation that hydrodynamic injec- 
tion of HDAd into mice resulted in increased hepatocyte transduction with reduced 
markers of acute toxicity and reduced systemic vector dissemination.!°° This so-called 
pseudohydrodynamic injection involved transient occlusion of hepatic venous outflow 
using two balloon occlusion catheters percutaneously placed in the inferior vena cava 
(IVC), above and below the hepatic veins. Because blood entering the liver from the 
hepatic artery (HA) and portal vein remains unobstructed, an increase in intrahepatic 
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Figure 2 (A) A sausage-shaped balloon catheter is positioned in the inferior vena cava (IVC) 
under fluoroscopic guidance in nonhuman primates (baboons). Inflation of the balloon results in 
hepatic venous outflow occlusion from the hepatic veins. The HDAd is administered by injection 
through a percutaneously positioned hepatic artery (HA) catheter. (B) Serum bAFP levels in 
baboons following administration of HDAd expressing the baboon a-fetoprotein (bAFP) as 
reporter gene either by the balloon method or by peripherial intravenous (IV) injection. 

Adapted from Brunetti-Pierri et al.!°7 


pressure is achieved, mimicking the high pressures achieved by systemic hydrody- 
namic injection in mice. Following balloon deflation, the vector is then administered 
by peripheral intravenous injection in a small volume, which resulted in high efficiency 
hepatic transduction with minimal toxicity. In a subsequent refined method, a bal- 
loon occlusion catheter was percutaneously positioned in the IVC to occlude hepatic 
venous outflow and HDAd was injected directly into the occluded liver via a percuta- 
neously placed HA catheter (Figure 2(A)). This resulted in up to 80-fold improvement 
in hepatic transduction compared to systemic vector injection with negligible toxicity 
(Figure 2(B)).!% This balloon catheter method was used to deliver a low dose of HDAd 
expressing human factor IX (hFIX) into rhesus macaques, which resulted in plasma 
hFIX levels within the therapeutic range for up to 2.8 years postinjection.!°° A fol- 
low-up of the three methods above reported that transgene expression had persisted for 
up to 7 years (which is more than half the life span of most captive baboons!°) for all 
injected nonhuman primates without long-term adverse effects. However, in all cases, 
transgene expression levels slowly declined over time to less than 10% of peak values 
by the end of the observation period but remained 2.3- to 111-fold above baseline val- 
ues (Figure 3).*° The slow, steady decline in transgene expression over time is likely 
dependent on the gradual loss of transduced hepatocytes due to physiologic hepatocyte 
turnover, loss of the extrachromosomal vector genome, or a combination of both. 
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Figure 3 Long-term transgene expression in nonhuman primates following injection of 
HDAd directly into the isolated liver. Duration of transgene expression following administration 
of an HDAd expressing the baboon a-fetoprotein (bAFP) in baboons by the method described 
previously.*+ 
Adapted from Brunetti-Pierri et al.*° 


Physical or chemical methods to enlarge fenestration diameter could increase 
hepatocyte transduction with lower vector doses, thereby reducing the acute toxicity. 
For example, N-acetylcysteine combined with transient liver ischemia*’ and Na- 
decanoate* have been shown to increase the size of sinusoidal fenestrae and augment 
Ad-mediated hepatocyte transduction. As well, pretreatment with vasoactive intestinal 
peptide increases hepatic transduction and reduces the innate immune response fol- 
lowing administration of HDAd.!'° Recently, Prill et al. showed that specific coupling 
of 5K PEG or transferrin to the hexon capsid protein of FGAd and HDAd can improve 
liver transduction by 11-fold and 18-fold, respectively.!'!! The mechanism for this 
improvement appears to be evasion of Kupffer cells. Another recent study has shown 
that avoiding Kupffer cell uptake using a chimeric HDAd, in which the serotype 5 
hypervariable region was replaced with that of serotype 6, increases liver transduction 
approximately 10-fold in BALB/c mice. Additionally, ALT levels were significantly 
lower in mice given the HDAd5/6 chimeric vector than mice receiving the HDAd5 
vector.?! Scavenger receptors on Kupffer cells bind Ad particles and remove them 
from the circulation, thus preventing hepatocyte transduction.**-”’ Piccolo et al. found 
that HDAd particles interact in vitro and in vivo with SR-A and with SREC-I. Interest- 
ingly, this knowledge was exploited to increase the efficiency of hepatocyte transduc- 
tion and improve the HDAd therapeutic index in vivo through blocking of SR-A and 
SREC-I with specific antigen-binding fragments or small peptides.°°*! 

“Masking” the viral capsid has also been reported to attenuate the severity of the 
innate inflammatory response. Yotanda et al.!!? demonstrated that systemic injection of 
Ad encapsidated within bilamellar cationic liposomes resulted in a 70-80% decrease in 
serum IL-6 compared to unencapsidated virions without compromising hepatic trans- 
duction efficiency. Likewise, two independent groups were able to demonstrate that 
systemic administration of PEGylated Ad into mice resulted in a 50-70% reduction 
in serum IL-6 compared to unPEGylated vector without compromising hepatic trans- 
duction efficiency.!!>''> In another study the combination of methylprednisolone, an 
anti-inflammatory glucocorticoid, and PEGylated Ad potently inhibited IL-6 eleva- 
tion.!!° Similarly, a single administration of dexamethasone, another anti-inflammatory 
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glucocorticoid, prior to Ad administration significantly reduced both innate and adaptive 
immune responses.!!’ These approaches, individually or in combination, may improve 
the therapeutic index of HDAds. Although the above studies showed that hepatic trans- 
duction in mice was not compromised by PEGylated HDAd, this was not the case in 
nonhuman primates where hepatic transduction was reduced,!!8 emphasizing that cau- 
tion should be taken in extrapolating results from rodents to larger animals and humans. 


6. Brain and Eye Gene Therapy 


Because of their ability to infect postmitotic cells, such as cells of the brain,'!? and to 
mediate long-term transgene expression, Ad-based vectors are particularly attractive 
for brain gene therapy. Intravascular delivery of Ad vectors is ineffective because the 
blood-brain barrier prevents access of bloodborne vector to the brain. Therefore Ad 
vectors for brain gene therapy have been investigated with direct intracranial injection. 
Unlike the rapid decline observed in transgene expression in peripheral organs fol- 
lowing intravenous administration, FGAd-mediated transduction of adult brain cells 
leads to stable transgene expression!2°.!?! because the brain is relatively protected from 
the effects of the immune response. !?? However, if a peripheral immune response against 
Ad is elicited after natural infection or vector readministration, loss of transgene expres- 
sion and chronic inflammation are observed.'? Interestingly, these negative effects are 
not seen with HDAds!?°-!?* that mediate significantly higher transgene expression levels 
and induce a substantially reduced inflammatory and immune response. !?5 
For brain cancer applications, FGAd vectors have been used in clinical trials for 
glioblastoma multiforme and intratumoral injection has been associated with increased 
survival in two different trials.!*°!2” Given the high risk that FGAd treatment of glio- 
blastoma multiforme can be compromised by exposure to natural Ad infection, HDAd 
vectors encoding regulated therapeutic genes could offer a significantly safer and more 
effective treatment for patients with this type as well as other forms of brain cancer. 128-130 
For brain-directed gene therapy, helper-dependent canine adenovirus (CAV-2) vectors 
have also been developed and investigated particularly for therapy of lysosomal storage 
disorders, such as MPSIIIA and MPSVI.!?!!32 These vectors preferentially transduce 
neurons, resulting in stable, high-level expression, and efficiently traffic via axonal retro- 
grade transport.!?? The main advantages of helper-dependent CAV-2 vectors over serotype 
5 HDAd vectors include the lower prevalence of preexisting humoral immunity because 
98% of subjects are negative for neutralizing antibodies against CAV-2,!34 reduced activa- 
tion of the innate response! and dendritic cells,!°° and neuronal retrograde transport.!*7 
Eye gene therapy is attractive because affected patients are only exposed to low 
vector doses that remain confined to an immunologically privileged site, thus enhanc- 
ing safety. Intravitreal injections of HDAd expressing antiangiogenic factors have been 
investigated to counteract ocular neovascularization occurring in disorders such as dia- 
betic retinopathy and age-related macular degeneration.!**-!39 These studies showed 
long-term therapeutic transgene expression, inhibition of retinal neovascularization, 
and substantially reduced inflammatory response with HDAd compared to FGAd. Sub- 
retinal injection of HDAd for ocular gene therapy has also been investigated and these 
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studies show that HDAds transduce and rescue cells from the neurosensory retina in a 
mouse model of retinal degeneration.'!* Moreover, HDAds are able to mediate long- 
term expression of therapeutic genes in the retinal pigment epithelium (RPE) in mice 
following subretinal injection without evidence of adverse immune reactions or signif- 
icant toxicity.!*! Ad-based vectors preferentially target the RPE following subretinal 
injections. However, long-term transduction of murine photoreceptors can be achieved 
by increasing the vector doses without adverse effects.'*? HDAd, because of its large 
cloning capacity, is particularly attractive for several inherited retinopathies due to large 
therapeutic genes that are beyond the cargo capacity of other vectors commonly used 
for eye gene therapy, such as the AAV. For example, Stargardt disease, the most com- 
mon form of juvenile onset macular degeneration, is caused by mutations in the ABCA4 
gene, whose cDNA is 6.8kb, and Leber’s congenital amaurosis (LCA10) is due to 
mutations in CEP290, whose cDNA is 7.4kb. Unfortunately, none of the Ad serotypes 
investigated so far has shown efficiency greater than AAV8 vectors for transduction of 
photoreceptors that are the target cells for treatment of inherited retinopathies.'** 


7. Lung Gene Therapy 


Ad vectors have been extensively used for pulmonary gene transfer with the goal of 
treating cystic fibrosis (CF) due to mutations in the cystic fibrosis conductance regula- 
tor (CFTR) gene. However, there are a number of shortcomings that limit the efficacy 
of Ad vectors for lung-directed gene transfer. First, the pulmonary delivery of Ad 
in small animals, large animals, and humans is inefficient!“*+-!*8 because the cellular 
receptor for Ad (and other viral vectors) resides on the basolateral surface of the air- 
way epithelial cells and tight junctions prevent vector—receptor interactions required 
for transduction.!*° However, transient disruption of the tight junctions can signifi- 
cantly increase the efficiency of transduction, thus dramatically decreasing the vector 
dose required to achieve therapeutic levels of transduction. Various strategies have 
been proposed to relax the tight junctions and improve Ad entry into airway epithelia; 
they include calcium phosphate coprecipitates,!°° EGTA,!>! EDTA,!°? polycations,!>? 
sodium caprate,!** L-a-lysophosphatidylcholine (LPC),!°°:!°° and other agents. Sec- 
ond, pulmonary delivery of FGAd resulted in dose-dependent inflammation and pneu- 
monia.!>7-!6° This has been attributed to expression of the viral genes present in the 
vector backbone of FGAds, which is directly cytotoxic and also provokes an adaptive 
cellular immune response against the transduced cells, consequently resulting in tran- 
sient transgene expression and toxicity. 161-166 

In contrast to FGAd, lungs of mice receiving HDAd following EGTA to disrupt 
tight junctions by nasal instillations were free of inflammation and indistinguishable 
from mice instilled with saline.!©’ Moreover, HDAd resulted in extensive transduction 
of proximal and distal airways; transduction was detected in the trachea, submucosal 
glands, and bronchiolar epithelium with little transduction of alveolar cells. Using the 
relatively large (4.1 kb) human cytokeratin 18 (K18) control elements, which can be 
easily accommodated into HDAds given their large cloning capacity, it was also possi- 
ble to obtain a transgene expression pattern that is similar to that of CFTR!®® because 
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K18, like CFTR, is expressed in the epithelium of large airways and bronchioles and 
in submucosal glands, but has little expression in alveoli. Using an HDAd expressing 
the human a-fetoprotein (AFP) reporter gene!® from the K18 promoter, pulmonary 
transgene expression was detected long term, for at least 15 weeks postadministration. 
These outcomes indicated that intranasal administration of HDAd following disrup- 
tion of tight junctions resulted in high-efficiency pulmonary transduction, and use of 
the K18 promoter greatly restricts expression to the desired target cell types relevant 
to CF gene therapy. Moreover, HDAd can express properly localized CFTR in the 
appropriate target cell types for CF gene therapy in vivo and protects the airways from 
infections by opportunistic pathogens, such as Burkholderia cepacia.'"° 

Despite the encouraging results in mice described above, the requirement for two 
separate administrations, one to deliver EGTA to disrupt the tight junction and then 
a second, 30 min later, to deliver the vector, is suboptimal in terms of safety and effi- 
cacy as this increases the procedure time and compromises transduction efficiency 
because both the EGTA and the vector must be applied to the same location, which 
is not guaranteed in the case of separate, independent administrations. This obstacle 
was addressed by Koehler et al. who demonstrated that high-efficiency pulmonary 
transduction by HDAds can be obtained by formulating the vector in 0.1% LPC, thus 
permitting a single administration containing the vector and the tight junction opening 
agent.!5° The intranasal delivery as performed in mice (spontaneous liquid inhalation) 
is not applicable to larger animals, and a clinically relevant method of vector delivery 
was therefore developed by Koehler et al.!>° In this study, an intracorporeal nebuliz- 
ing catheter called the AeroProbe (Trudell Medical International) was developed to 
aerosolize material directly into the trachea and lungs. Using the AeroProbe, Koehler 
et al. aerosolized 1.25 ml of 0.1% LPC containing 5x 10!! vp HDAd-K18LacZ into 
the lungs of 2.8kg rabbits.'°° The X-gal staining revealed extensive transduction of 
the trachea. Although the intratracheal aerosolization was intended to deliver vector 
to the entire lung, X-gal staining revealed high interlobular variation. Nevertheless, in 
those lobes that received vector, exceedingly high and unprecedented levels of trans- 
duction were achieved in all cell types of the proximal and distal airway epithelium, 
from the trachea to terminal bronchioles. All rabbits, including those given LPC only 
as controls, exhibited a transient decrease in dynamic lung compliance immediately 
following aerosol delivery. Fever and mild-to-moderate patchy pneumonia without 
edema were also observed, leading the investigators to speculate that LPC may have 
been a contributing factor and that these may be eliminated/minimized by further opti- 
mizing the dose of LPC and/or vector. Nevertheless, this study is significant because 
it is the first to demonstrate high efficiency transduction of the airway epithelium in a 
large animal, which had been a major obstacle to CF gene therapy. 


8. Muscle Gene Therapy 


The muscle is an attractive tissue for transduction because (1) it is the target tissue for 
therapy of Duchenne muscular dystrophy (DMD) due to mutations in the dystrophin 
gene, one of the most common genetic diseases without effective treatments, (2) it 
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constitutes as much as 40% of the total body mass and much of it is readily accessible, 
(3) skeletal myocytes can be transduced in vivo, (4) skeletal myofibers have a rela- 
tively long half-life and therefore represent a stable platform for transgene expres- 
sion, (5) muscle is highly vascularized and skeletal muscle can efficiently secrete 
recombinant proteins into the circulation for systemic delivery, and (6) the high 
seroprevalence in the adult human population of preexisting anti-Ad neutralizing 
antibodies, an obstacle for intravenous vector delivery, may be minimized through 
localized delivery into the muscle. The length of the dystrophin cDNA (14kb) pre- 
cluded its inclusion into most gene therapy viral vectors and HDAds with their large 
cloning capacity can accommodate not only one full-length dystrophin cDNA but 
also two copies of the gene.!7!:!7 HDAd vectors expressing full-length dystrophin 
have been shown to restore in the skeletal muscle the full dystrophin—glycoprotein 
complex, resulting in a reduced level of muscle degeneration and amelioration of the 
physiological and pathological indices of muscle disease.!7!~!7> Compared to dys- 
trophin-deficient mdx mice treated as neonates, higher doses of vector are needed 
to treat adult mdx mice because of inefficient infection of mature muscle by Ad.!7* 
Moreover, direct intramuscular injection of HDAd encoding full-length murine 
dystrophin resulted in only transient expression in adult-injected mice!” because 
of a humoral immune response against the dystrophin protein. Importantly, such 
a response has not been observed in immunodeficient SCID mice, suggesting that 
sustained expression could be achieved in the absence of an immune response to the 
transgene product.!7>-!7° A similar outcome could be predicted to occur in humans 
as well, since many DMD patients have large dystrophin gene deletions preventing 
the expression of epitopes encoded by deleted exons. In these cases the dystrophin 
produced by HDAd-transduced cells could be perceived by the immune system as a 
neoantigen, thus preventing long-term expression. !77 

An important hurdle that hampers muscle-directed gene therapy with Ad vectors is 
inefficient transduction of mature muscle presumably due to low CAR receptor lev- 
els. Incorporation of polylysine into the H-I loop of the Ad fiber protein can improve 
HDAd transduction of mature muscle cells, resulting in up to 21-fold increase in trans- 
duction compared to the unmodified counterpart.!7° In addition, HDAd bearing the 
fiber knob domain from Ad serotype 3 significantly improved skeletal muscle trans- 
duction following intramuscular injections in adult mice and mediated stable transgene 
expression for at least 1 year.2° 


9. Helper-Dependent Adenoviral Vectors 
as Genetic Vaccines 


FGAds have been developed to express antigens and have proven to be valuable 
genetic vaccines. However, a number of recent studies have demonstrated that 
HDAd induces higher transgene-specific cytotoxic T-lymphocytes (CTL) and greater 
anti-transgene antibody response than FGAd by intraperitoneal,!’? intramuscu- 
lar, !°-!89.18! intravenous,!°© and intranasal!*2 administrations. In addition, HDAd-based 
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vaccines resulted in lower tissue damage and anti-Ad T cell responses than FGAd.!° 
Importantly, Kron et al. showed that HDAd generates a potentially more potent multi- 
specific T cell response against the antigen transgene compared to FGAd, which stim- 
ulates a response primarily against an immunodominant epitope because expression 
of viral genes from the FGAd backbone induces CTLs against viral epitopes and, thus, 
restricts the specificity of the response against the transgene product.!’* Weaver et al. 
demonstrated that rhesus macaques vaccinated with HDAd expressing HIV-1 enve- 
lope were protected from subsequent mucosal simian HIV challenge.!” Because most 
humans are seropositive for Ad serotype 5, HDAd vaccines based on serotype 5 may 
be minimally, if at all, effective. To overcome this, Weaver et al. used HDAd vaccines 
based on serotypes 1, 2, and 6 and showed that preexisting immunity to Ad serotype 
5 in both mice and rhesus macaques did not prevent successful vaccination.!®'!7 These 
studies demonstrate the potential utility of HDAd as a genetic vaccine. Furthermore, 
the large cloning capacity of HDAd can accommodate multiple antigen genes and 
thus may allow simultaneous immunization against multiple antigens from the same 
or from different pathogens. 


10. Helper-Dependent Adenoviral Vectors and Stem Cells 


Embryonic stem (ES) cells and induced pluripotent stem cells (iPSCs) have recently 
attracted much attention because of their self-renewal capacity and pluripotency that 
make them promising for cell-based therapies and regenerative medicine. Targeted 
gene repair/editing of stem cells offer the potential for autologous cell therapy for the 
treatment of a wide spectrum of human diseases. As a gene-targeting vector for stem 
cells, HDAds offers numerous advantages. HDAds can transduce stem cells with high 
efficiency and low cytotoxicity. The large cloning capacity of HDAds can accommo- 
date very long regions of homology to the target chromosome locus to enhance homol- 
ogous recombination and permit a wide range of choices for promoters and selectable 
markers. Moreover, HDAd vector may result in correction of multiple mutations at the 
target locus. Furthermore, highly efficient transduction by HDAd contributes to high 
targeting efficiency, thus allowing for smaller numbers of starting cells. Introduction 
of artificial double-strand breaks at the target loci, which are potentially mutagenic and 
may result in unpredictable and undetectable off-target effects, is not required. Indeed, 
high efficiency HDAd-mediated gene targeting has been accomplished in mouse ES 
cells, monkey ES cells,** and into a wide variety of loci in different human ES cells 
and iPS cells.!83-186 Collectively, these studies showed that HDAd could mediate effi- 
cient knockin and knockout at transcriptionally active or inactive loci in human ES 
cells and iPS cells with no effect on undifferentiated state and pluripotency, no ecto- 
pic random integration/off-target effects, and/or introduction of additional mutations, 
while maintaining genetic and epigenetic integrity. Indeed, targeted gene correction 
of human iPS cells by HDAd minimally impacts whole-genome mutational load as 
determined by whole-genome sequencing at single-base resolution.'*’ Importantly, 
the disease phenotype was also reversed in patient-derived cells after HDAd-mediated 
gene targeting. 183-184 
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11. Human Gene Therapy with Helper-Dependent 
Adenoviral Vectors 


There has been a single case of intravascular administration of HDAd into a human 
patient. In this clinical trial, 4.3 x 10!! vp/kg of a HDAd expressing factor VII (FVII) 
was intravenously injected into a hemophilia A patient.!** This subject developed grade 
3 liver toxicity, marked increase in IL-6, thrombocytopenia, and laboratory signs of 
disseminated intravascular coagulopathy, but all these values returned to baseline by 
day 19 postinfusion. Unfortunately, no evidence of FVIII expression was detected.!** 
Also unfortunate is that this study has yet to be published in a peer-reviewed format so 
that much of the details remain unknown. 

HDAd has recently been used in an ex vivo clinical trial to treat patients with ane- 
mia secondary to chronic kidney failure.'®° In this phase I-II study, a small number 
of dermal fibroblasts were removed from the skin of patients with anemia secondary 
to chronic renal failure, transduced ex vivo with an HDAd expressing erythropoietin 
(EPO), and implanted autologously in the subcutaneous tissue under local anesthesia. 
Following HDAd transduction, the amount of EPO produced by the transduced cells 
was measured so that the precise number of transduced cells was implanted to achieve 
the predetermined blood levels of EPO. No adverse events were reported in this trial 
and, importantly, elevated hemoglobin levels were sustained for up to | year after a 
single treatment with the HDAd-transduced cells.!°° 


12. Concluding Remarks 


Dose-dependent activation of the innate inflammatory response by the viral capsid 
following intravascular delivery remains an important concern, particularly for liv- 
er-directed applications requiring high-vector doses to achieve clinically relevant 
phenotypic improvements. Although important knowledge has been recently gained 
about Ad-host interactions occurring following systemic intravascular administra- 
tions, further studies are clearly needed to completely elucidate the mechanism(s) of 
Ad-mediated activation of the innate inflammatory response. Perhaps with a better 
understanding of this phenomenon, more effective strategies can be developed to min- 
imize, if not eliminate, this innate inflammatory response. In the meantime, in vivo 
applications that require very low and/or localized vector doses, or ex vivo gene and 
cell-based strategies that do not provoke an innate inflammatory response may hold 
immediate potential for clinical translation. 

In all animal models studied, HDAd-transduced hepatocytes (as well as all other 
target cell types examined) are not destroyed by an adaptive cellular immune response, 
thus leading to multiyear transgene expression. However, whether this holds true for 
humans is not known, especially considering the outcomes of recent liver-directed 
clinical trials for FIX deficiency with AAV vectors.!9°!°! AAV vectors, like HDAd, 
do not contain any viral genes and mediates long-term transgene expression follow- 
ing hepatocyte transduction in all animal models investigated. However, in humans, 
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AAV-mediated transgene expression from transduced hepatocytes is subject to killing 
by AAV-specific CTLs. The source of immunogen has been attributed to AAV capsid 
peptides derived directly from the injected vector particles.!9°-!9?:!°3 Similar to AAV, 
HDAd capsid proteins derived from the administered particles may be a source of immu- 
nogen.!9*+!9 In this regard, Roth et al.!9° showed that HDAd transduction of dendritic 
cells in vitro can stimulate activation of anti-Ad CD8* T cells. Indeed, Muruve et al.°* 
showed that Ad-specific CTLs were generated following intravascular administration 
of HDAd into mice. Similarly, Kushwah et al.!°’ showed that intranasal administration 
of HDAd resulted in Ad-specific CD8* T cells. Collectively, these studies show that fol- 
lowing administration into mice, HDAd can indeed provoke a CTL response directed 
against viral proteins derived from the capsid, independent of de novo viral protein 
synthesis. However, whether these Ad-specific CTLs will eliminate HDAd-transduced 
cells in vivo remains to be shown, and animal modeling may not be useful for addressing 
this important issue as it was not in the case of AAV vectors. !98-2 
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1. Introduction 


The characterization of disease at the genetic level facilitates potential genotypic and/ 
or phenotypic correction by gene therapy. Although the concept of gene therapy has 
been extensively established over the past two decades, the development of effective 
clinical protocols to facilitate efficacious reversal of disease has proven highly prob- 
lematic. The development of an effective gene delivery system to the site of thera- 
peutic significance has proven to be the major hurdle to the advancement of gene 
therapies. Many questions currently remain unanswered and these raise major debates 
over the best vector systems to treat a specific clinical disorder, and at a more funda- 
mental level the choice of gene to be applied. The ultimate goal of a gene therapy pro- 
tocol is the efficient targeted delivery of a therapeutic transgene, whose expression can 
be sufficiently regulated, in a defective tissue. Vector delivery would ideally involve a 
single, lifetime treatment by a simple, non-invasive, and safe protocol, which can be 
incorporated into clinical practice. The vast array of clinical diseases, for which gene 
therapy presents clinical promise, demands a multitude of different requirements for 
a vector system to meet. 

Ideologies for gene therapy vectors will differ considerably among different disor- 
ders. The treatment of severely disabling genetic disorders such as Duchenne muscu- 
lar dystrophy would require lifelong genetic complementation of the defective genes 
in an immense amount of both skeletal and smooth muscular tissues, as well as brain 
tissues to correct cognitive functions. Whereas somatic gene therapy for hemophilia 
B holds out greater potential for treatment, only a few percent of normal reversed 
phenotype cells would be sufficient to provide a constant level of factor IX in plasma, 
offering patients significant clinical improvements. In contrast to the aim of preser- 
vation of host physiology for inherited disorders, gene therapy for cancer focuses on 
efficient cell killing (Table 1). Hence genetic cancer therapies require different vector 
functions, requiring initial high local transduction of primary tumor masses to effect 
clinical removal, followed by subsequent systemic vector surveillance to eliminate 
metastatic disease. In essence, ideological concepts are rarely fully achieved, and the 
current minimal aim of gene therapy is reversal of clinical phenotypes to an extent of 
easy maintenance, facilitating improvements in standards of life for patients. 

Despite the development of increasingly complex nonviral gene delivery sys- 
tems, it is virally derived vector systems that still offer most promise to the clinic. 
Viruses throughout the evolution have developed highly skilled methods of enter- 
ing cells, evading the host immune defense, and delivering their viral payloads. 
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Table 1 Comparison of the Ideologies of a Gene Therapy Vector 
for Genetic Disorders and Cancer 


Genetic Disorder 





Aim: Cell preservation 

Targeting diseased tissues 

Efficient transduction of affected cells 
Therapeutic levels of transgene expression 
Adequate maintenance of gene expression levels 
Long-term, stable transgene expression 
Minimal vector toxicity 





Cancer 





Aim: Cell eradication 

Targeting diseased tissues 

Efficient transduction of tumor cells 

Therapeutic levels of transgene expression 
Transient vector expression for tumor clearance 
Vector toxicity—danger signals attack tumor cells 








Hence phenomenal amounts of research have been directed at harnessing the finely tuned 
transduction functions and obligate parasite lifestyles of viruses. A plethora of geneti- 
cally modified viral vector systems have now been reported, all ingeniously subverting 
the parasitic viral life cycles for the presentation of therapeutic transgenes aimed at 
reversal of disease phenotype. The development of viruses as clinical vectors will 
revolutionize the medical world, providing an invaluable new tool for the treatment of 
disease. Our present understanding of the molecular genetics of many viruses renders 
possible their manipulation as cloning vectors for gene transfer both in cell culture and 
directly in patients. As the major objective is usually long-lasting gene transfer, a dele- 
tion of the key regulatory viral genes was deemed essential to manipulate the genetic 
program of the virus and to ensure that infection of the target cell does not lead to cell 
death. Conversely, for the treatment of cancer, more recent strategies have reversed 
this thinking and selectively retain the replicative functions of the virus to enhance 
tumor cell killing. Viruses have thus been designed with predictable biological prop- 
erties, retaining the beneficial targeting/infectivity properties, while dissociating them 
from the major virulent determinants of pathology in normal tissues. 

Currently four classes of viral vector have presented most promise as gene delivery 
vehicles: retrovirus (RV), adenovirus (Ad), adeno-associated virus (AAV) and herpes 
simplex-based virus (HSV). Although retroviruses embodied the pioneering vector 
when the concept of gene therapy began to emerge as a reality in the early 1980s, 
adenoviruses have since become the major vector choice in the clinic. More recent 
advances in the production technologies of HSV-and AAV-based vectors have greatly 
increased their clinical potentials. Additionally, the lentiviral (LV) subclass of retro- 
viral vectors, with distinct biological properties, has emerged with great potential and 
has gained individual acclaim from the rest of the group. The major properties of each 
viral vector are presented in Table 2, as well as being briefly discussed below. 


Table 2 Properties of the Main Gene Therapy Viral Vectors 


Adenovirus Ad2/Ad5 


Retrovirus: MoMuLV 


AAV AAV2 


HSV HSV-1 


Lentivirus HSV-1 





Nuclear status 
Genome 
Structure 
Genome size 
Nuclear targeting 
Titers 

Insert capacity 
Immunogenicity 
Genetics 


Episomal 

dsDNA 

Encapsidated 

36kb 

Yes 

1 o! 1 

7-8 kb (E1/3-) to 35 kb HD 
High 

Early: E1—E4-transduction 
Late: multiple structural 


High transduction 
efficiencies. 
Stable particles 


High titers 

Broad host range 

Infect dividing/non- 
dividing cells 

Large insert capacity: HD 


Transient 

High IR to viral proteins 
Humoral IR 

Cytotoxic IR 

Innate IR 

Leaky expression of viral 
genes (first gen.) 

Infect dividing/non- 
dividing cells 

RCA 





Integrating 

RNA 

Enveloped 

10kb 

No 

108-109 

9-10kb 

Low 

Gag: Capsid 

Pol: RT, INT, PR 

Env: envelope proteins 

e Low IR 

+ Integrating 
Potential long term 
expression 


Relatively low titers 
Low transduction effi- 
ciencies in vivo 

Virions relatively unstable 
Complement-inactivation 
No nuclear targeting 
Transduction dep. 

On cell division 
Random integration 
Endogenous RVs 
recombination 





Episomal/integrating 

ssDNA 

Encapsidated 

4.7kb 

Yes 

10! 1 

4.5-5 kb 

Low 

Rep replication/integration cap; 
capsid 


High transduction efficiencies. 
Stable particles 

High titers 

Targeted integration (+Rep) 
Broad host range 

Infect dividing/non-dividing 
cells 

Large insert capacity: HD 
Limited IR 

Low insert capacity 

Rep toxicity 

Helper contamination 





Episomal 
dsDNA 
Enveloped/encapsidated 


152kb 


Yes 


108-109 


25-150kb HD 
Low (HD) 
Multiple 


Wide tropism 

Large insert capacities 
Minimal IR to virion 
particles 

High tropism for 
neuronal tissues 
Large genome copy 
number in amplicon 
concatomers 
Transient 

Low titers 

No stable maintenance 
mechanism 

Helper contamination- 
High IR 
Unpredictable biology 
of concatomers in 
amplicon 





Integrating 

RNA 

Enveloped 

10kb 

Yes 

108-10? 

9-10kb 

Low 

Gag, Pol, and Env 
as retrovirus plus 
accessory genes. 
Integrating 
Nuclear localization 
Easily pseudotyped 
with MoMuLV 


Transient 
Comparatively low 
titers 

Significant pathology 
of native virus 
RCL 

Limited host range 
Virions relatively 
unstable 
Endogenous RV 
recombination 
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Fig. 1 Vector genome structures. The wild type viral genomes and the strategy of transgene 
substitution are presented for (A) retrovirus, (B) Adenovirus and (C) Adeno-associated virus. 
(D) represents the minimal structure of the HSV-1 based amplicon vector. 


1.1 Retroviral Vectors 


Retroviruses are enveloped RNA viruses, whose genomes consist of three core genetic 
units: gag, pol, and env (Fig. 1(A)).! Retroviruses stably transduce cells by integrating 
their genomes into the host cell chromosomes and subsequently release progeny virus 
by continuously budding viral particles from the cell membrane. The gag gene encodes 
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proteins which form the viral core, while the pol gene encodes reverse transcriptase (RT), 
the viral integrase (INT), and a viral protease which acts on the gag gene products. The 
env gene encodes the glycosylated envelope proteins that determine the tropism of the 
virus. These genetic elements are flanked by the long-terminal repeat (LTR) sequences 
and a packaging signal (w) which directs the assembly of the genome into the viral parti- 
cles (Fig. 1(A)).! The LTR sequences contain the cis-acting elements required to regulate 
viral genome replication and transcription and to mediate stable integration into the host 
genome.! Retroviral vectors have been principally based on the well-studied Moloney 
murine leukemia virus (MoMuLV). Recombinant MoMuLV vectors are engineered by 
replacing the gag, pol, and env coding units with a transgene of interest, while retaining 
the LTRs and packaging cis-acting sequences. Producer cell lines stably transformed 
with independent gag/pol and env expression cassettes are used to fully complement the 
viral polypeptides for packaging of the vector proviruses. Hence by transfecting these 
packaging cell lines with plasmid-based LTR-flanked retroviral cassettes, retroviral par- 
ticles efficiently bud from the host cells containing the recombinant retroviral genome. 
These retroviral particles are capable of infecting cells and directing the expression of 
the transgene of interest, but cannot replicate or generate progeny virus. 


1.2 Adenoviral Vectors 


Adenoviral particles consist of lipid-free “spiked” regular icosahedra of 60-90 nm 
in diameter, consisting of three main structural proteins: hexon, penton base, and 
fiber.* The genome consists of a double-stranded linear DNA molecule of approxi- 
mately 36kb in length, functionally divided into two major noncontiguous overlap- 
ping regions, early and late, defined by the onset of transcription after infection (Fig. 
1(B)).° There are five distinct early regions (E1A, E1B, E2, E3, and E4) and one major 
late region (MLR) with five principal coding units (L1 to L5), plus several minor 
intermediate and/or late regions. At the extremities of the viral chromosome are the 
inverted terminal repeats (ITRs) and the encapsidation signals (y), encompassing the 
cis-elements necessary for viral DNA replication and packaging." 

Recombinant adenoviral (Ad) vectors are constructed by deleting the essential early 
genes EJA and EIB, whose expression enables transformation of the host cell and 
trans-activates expression of the other early viral genes, as well as some host factors.° 
Transgenes are inserted into this deleted region (Fig. 1(B)) and can be assembled 
into infectious adenoviral particles in cell lines which trans-complement the E1A/B 
functions.’ Additional deletions in the nonessential E3 region are also often performed 
to increase cloning capacities.’ Thus infection of cells with the Ad vector enables 
expression of the transgene in the absence of expression of viral proteins. Further 
incapacitation of the Ad vector genomes, limiting leaky expression of viral proteins by 
further deletions in the E2 or E4, has also proved advantageous, further enhancing the 
cloning capacities, but requiring further complementation functions in packaging cell 
lines.?-!2 The development of so-called “gutless” or helper-dependent (HD) adenovi- 
ral vectors has also greatly expanded the potential of Ad vectors. These vectors retain 
just the terminal ITRs and wp, required for replication and packaging of adenoviral 
genomes, thus greatly increasing the cloning capacity. !* 
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1.3 Adeno-Associated Viruses 


Adeno-associated virus (AAV) has recently become attractive candidates for gene trans- 
fer. AAV belong to the family Parvoviridae and consist of nonenveloped icosahedral 
virions of 18—26nm diameter, with linear single-stranded DNA genomes of 4680 nucle- 
otides for the most characterized AAV2 strain.!*!> The genome consists of two coding 
regions, cap and rep, which are flanked by ITRs and encapsidation signals (1), at either 
end of the genome (Fig. 1(C)). The cap gene encodes the capsid (coat) proteins, and 
rep encodes proteins involved in replication and integration functions.!> After infection, 
AAV genomes can persist extrachromosomally in an episomal form!®-!7 or integrate 
into the cellular genome.!*!? AAV have been demonstrated to preferentially integrate 
into human chromosome 19 at site q13.4 (AAVS1), directed by the rep genes, facilitat- 
ing latent infection for the life of the cell.2° AAV is, however, naturally replication-in- 
competent and requires additional genes from a helper virus infection, which in nature 
is generally complemented by Ad or HSV coinfection.?! AAV-based vectors generally 
involve replacement of the rep and cap genes with a transgene of interest (Fig. 1(C)), 
retaining the terminal repeats and packaging sequences essential to direct replication 
and packaging of the genome.!> These AAV vectors can be packaged into infectious 
AAV particles upon complementation of the rep/cap genes and Ad/HSV helper func- 
tions in trans. Deletion of the rep genes, however, eliminates targeted integration of the 
AAV cassettes at AAVS1. The nonpathogenic nature of AAV, having not been associated 
with any disease or tumor in humans, makes them potentially powerful clinical vectors. 


1.4 Herpes Simplex Viruses 


Herpes simplex virus (HSV) belongs to the herpesvirus family, a diverse family of large 
DNA viruses, all of which have the potential to establish lifelong latent infection.” 
HSV consists of 110nm diameter particles comprising an icosahedral nucleocap- 
sid, surrounded by a protein matrix, the tegument, which in turn is surrounded by a 
glycolipid-containing envelope.** The HSV-1 genome consists of a giant linear dou- 
ble-stranded DNA molecule of 152kb encoding 81 known genes, 38 of which are 
essential for virus production in vitro.”* First generation HSV-based vectors involve 
replacement of one or more of the seven immediate early genes whose functions are 
trans-complemented by packaging cell lines.” Second-generation HSV-amplicon 
vectors consist of plasmids containing just the HSV-1 origin of replication (Ori,) for 
replication in packaging cell lines by the rolling circle mechanism and the cleavage/ 
packaging signal (pac) (Fig. 1(D)). These amplicon vectors can accommodate inserts 
of up to 15kb, enabling the assembly of concatomer structures of up to 10 genomes, 
reconstituting the packaging size of 150kb.”> The future construction of “full size” 
gutless HSV vectors could accommodate up to 150kb of insert DNA.”° 


1.5 Lentiviral Vectors 


Lentiviruses are a subclass of retroviral vectors which have become infamous in world 
affairs by the HIV family members. LV vectors are characterized by the presence 
of additional accessory genes to the gag/pol/env-based genomes.’ These accessory 
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genes extend the functions of the viruses, with the major gene therapy focus being on 
their ability to infect nondividing as well dividing cells, in distinct contrast to other 
retroviral family members such as MoMULV. These karyotropic properties of lentivi- 
ruses provide a promising tool to direct retrovirus-mediated gene therapies to nondi- 
viding cells.?® LV vectors are constructed by an analogous mechanism to conventional 
MoMULYV vectors. 


1.6 The Choice of Gene Therapy Vector 


No single vector system can presently provide the necessary flexibility for all the 
possible clinical applications of gene therapy. Vast variabilities exist in vector host 
range and uptake potentials for the many tissues of the human body, which together 
with the many biological barriers to reaching the target tissues make a universal vec- 
tor unlikely. Thus disease-specific gene targeting strategies are likely to be required, 
involving the development of multiple gene delivery systems. Hence the technol- 
ogy of gene therapy stands to benefit from the vast range of clinical vectors being 
designed, each system having distinct properties which can complement each other 
in the clinic. 

Extensive research has focused on the potential of adenoviruses as transducing 
viruses for use in gene therapy. The translation of laboratory-derived viral vectors as 
practical pharmaceutical tools is a major determinant of gene therapy interest in the 
clinic. In essence, the ease of generating Ad vectors, the efficiency of purification, and 
the superior titers, which can be obtained (>10!! pfu/ml), have made Ad the vector of 
choice for many applications of in vivo gene therapy.* The rapid technical advances 
in the construction and purification of alternative viral vector systems have, however, 
expanded clinical interests. The vastly improved techniques of helper-free AAV pro- 
duction have significantly increased the potential of these vectors. Titers of AAV vec- 
tors equivalent to those of Ad vectors are now routinely achievable, which are free of 
the once-problematic helper-virus contamination.2° The production procedures, how- 
ever, are still relatively laborious and problematic. The comparatively low titers of the 
MoMULV-, HSV-, and LV based vectors, generally greater than two logs lower stable 
titers, limit the effectiveness of these vector systems especially upon translation to the 
clinic. However, current immune system barriers preclude the beneficial attributes of 
administration of Ad vectors at their maximal titers, with significant safety concerns 
apparent with the maximal doses of Ad vectors in the clinic.*° 

The generation of large-scale, high-titer vector preparations with stable shelf lives 
is essential for clinical applications. The stable pharmaceutical properties of Ad viri- 
ons, as well as the similarly encapsidated AAV and HSV virions, present significant 
advantages over the much less stable enveloped retrovirus-based vectors. The inte- 
grative functions of retroviral vectors, however, confer on them the potential of long- 
term stable expression, fulfilling an additional highly desirable vector property. These 
integrative functions together with rapidly advancing methods of enhancing viral 
titers using concentration procedures,*! maintains major clinical interest in retroviral 
vectors. The integrative functions of AAV vectors are also highly desirable, specif- 
ically the chromosomal targeting mechanism in the presence of the Rep protein.?? 
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The absence of any cellular retention mechanisms for Ad and HSV vectors presents 
a distinct disadvantage to many gene therapy applications. In the context of tumor 
eradication, however, high-titer vector transduction is unlikely to require long-term 
maintenance of vectors. 

In deciding the most appropriate vector for treatment of a clinical disorder, the 
main selection criterion for vector choice comes in the ability of a specific vector 
to efficiently transduce the target tissue. Ad vectors have a wide distribution of their 
target receptors dispersed throughout the body tissues. AAV and HSV have similar 
diverse tropism to most cells in the human body, with HSV-1 vectors having a major 
selective tropism for neuronal tissues. MoMuLV viruses are, however, severely lim- 
ited by their dependence on host cell mitosis to enable stable transduction of a cell, 
limiting their efficacy in quiescent cell populations.’ These cell-cycle restrictions are 
not apparent with the LV subclass of retroviral vectors, which possess the additional 
nuclear targeting functions.** The additional nuclear targeting property of LV vectors, 
together with the integration functions, has significantly raised the clinical interest 
with respect to gene therapy. Additionally the ability of MoMuLV vectors to only 
infect dividing cells can be deemed an advantage in targeting actively dividing tumor 
cells which are surrounded by nondividing normal tissues. The ideal vector system is 
thus very much dependent on the diseased tissue to be treated. 

The extent of genetic material that is required to be delivered to a specific tissue is 
also a major influence on the vector system. Ad vectors offer a wide range of insert 
potentials from 7 to 8 kb insert capacities for first generation vectors and up to 36kb 
inserts in the “gutless” HD vector system.635 Whereas the relatively small package- 
able genome sizes of retroviral vectors (~8 kb), but more significantly for AAV vectors 
(~4.5kb), severely limit their applications to some gene therapy protocols,!> specifi- 
cally where the delivery of multiple genes or the insertion of large regulatory elements 
is deemed essential. It is, however, the HSV-1-based vectors that offer the superior 
transgene delivery potentials with inserts of up to 150kb feasible in a “gutless” vector 
rationale.*° Additionally, in the alternative HSV-1 amplicon vector system, as well 
as providing an insert capacity of up to 15kb, the assembly of concatomers vastly 
increases the copy number of transgene cassettes being delivered to target cells.” 

The immune system is a perpetual barrier to viral transduction. The compromised 
state of many diseases would be severely stressed by further immunological effects/ 
inflammation induced by a “therapeutic” vector challenge. The exception again is can- 
cer gene therapy where activation of local immune responses can be advantageous 
in tumor recognition and possibly aid in breaking immune tolerance.*’ Viral vectors 
are designed to exploit specific biological properties of viruses, such as recognition 
of cell receptors for entry and mechanisms of host genome integration, which have 
evolved over time in relationship with the host. The natural response of the host has, 
however, also developed to eliminate disease inducing viral pathogens. Current strate- 
gies of viral vector design are working to engineer viruses with predictable biological 
properties, maintaining the biological advantages of the virus that have been selected 
by nature while reducing the immunogenicity of the viral components. The majority 
of Ad vector-derived immunogenicity was deemed to be due to the leaky expression 
of retained viral transcripts in the vector genome.?®38 For AAV and HSV amplicon 
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vectors, contaminating helper virus was also deemed highly immunogenic. The more 
recent improvements in Ad vector design?!” and generation of “helper-free” packag- 
ing systems for AAV and HSV amplicon vectors??? have stunted this immunogenic- 
ity to some extent. However, the immune system still stands as a major barrier to gene 
therapy efficacy. The mere physical presence of the virus can induce significant cyto- 
pathology. The current requirement of repeated administration to boost expression 
levels further augments the immune memory responses to the presence of the virus, 
until eventual complete immunity is developed to the applied vector.*° The power of 
the immune system is emphasized by practically eliminating 95% of Ad virions by the 
natural nonspecific innate immune response on each administration.*! 


1.7 How to Maintain Stable Transgene Expression? 


The transient natures of Ad and HSV-1 vectors, as well as the rapid loss of transgene 
expression upon stable integration of AAV and RV vectors due to nuclear effects on 
the transgene cassettes, have dramatically limited the efficacy of each vector system. 
Hence the question remains: how do we maintain stable transgene expression following 
recombinant viral vector transduction? One solution may come from looking closer at 
the wild-type mechanisms of preservation evolved by the parental viruses. 

Viruses have developed diverse mechanisms of self-preservation and maintenance 
to enable them to infect cells and direct self-replication and propagation. Mechanisms 
of maintenance vary according to the life cycle of the virus. Viruses such as retroviruses 
have developed life cycles that live in harmony with the host cell. They utilize the host 
cellular machinery to enable continuous shedding of the virus and thus require stable 
preservation of the viral genetic material. Retroviruses facilitate this function by stable 
integration into the host genome, permitting continuous replication/maintenance of 
the viral genome in the context of host cell replication.! Conversely lytic viruses such 
as adenoviruses subvert the host’s cellular functions solely for their own preservation. 
Infected cells become short-term factories of virus production, amassing viral parti- 
cles until host cell saturation is achieved, and cell lysis occurs in less than 36h.° The 
short-term association of virus and host does not therefore necessitate mechanisms for 
long-term persistence of the viral genome. The Ad genome is thus maintained extra- 
chromosomally with a very efficient mechanism of replication to enable large-scale 
genome packaging into the vast numbers of viral particles generated. Herpes viruses, 
such as HSV, Epstein-Barr virus (EBV) and cytomegalovirus (CMV), have devel- 
oped more complex mechanisms of self-preservation.*? Upon infection a lysogenic 
life cycle enables the virus to live in harmony with the cell, casually maintaining the 
genome in an extrachromosomal state, where methylation and histone binding to the 
viral genome keep viral gene expression essentially quiescent.?2 The switch of the life 
cycle from the quiescent latent state to the major virulent lytic phase, upon signals 
of cell stress, rapidly reveals the viral presence. This terminal lytic stage of rapid 
viral genome reproduction and mass assembly of virions enables the virus to rapidly 
multiply and abandon the host. The AAV life cycle is a further intriguing evolution- 
ary mechanism, being naturally dependent on helper Ad or HSV coinfection to effect 
lytic AAV virion assembly and viral progeny release. In the absence of such helper 
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functions, AAV remains lysogenic by either stable integration into the host genome or 
independent episomal replication in the infected cell.'+ 


2. Hybrid Viral Vectors 


The inadequacies of each viral vector system are illustrated in Table 2. The nega- 
tive attributes of one vector, however, generally emphasize the positive attributes of 
another. Thus most of the criteria defined for a hypothetical perfect gene therapy might 
actually be met by considering defined properties of the currently available vectors 
defined in Table 2. Hence although at present no individual virus system alone can 
meet all the criteria, current research is focusing on combining individual viral prop- 
erties into single vector constructs, termed “Hybrid” or “Chimeric” vectors. 

Adenoviral vectors are currently the major vector choice for a variety of clinical 
disorders, despite the limited efficacy due to the transient nature of the vector. Mecha- 
nisms of enhancing the pharmaceutical properties of Ad vectors are thus highly desir- 
able. The incorporation of other viral vector functions that could enhance the duration 
of Ad-directed transgene expression and/or target the vectors to a specific disease tis- 
sue would be extremely beneficial. In essence, whether the aim is to kill or cure the 
target cell, a vector encompassing the advantageous properties of high titer, broad 
host range, and infectivity of an Ad vector, together with the low immunogenicity and 
potential of long-term stable expression of a retrovirus, AAV or EBV vector would be 
extremely useful for gene therapy for a wide range of genetic and acquired disorders. 
Hence the main focus of this chapter is to review the properties of other viral vectors 
which have been utilized to generate “hybrid” adenoviral vectors in the aim of enhanc- 
ing vector efficacy in the clinic. 


2.1 Are Hybrid Vectors Truly New Technology? 


The formation of hybrid adenoviruses is not a new technology and has been extensively 
reported to occur naturally in nature. Adenoviral/Simian virus 40 (SV40) hybrids have 
been documented to occur in nature.**+ Although human adenoviruses do not nor- 
mally replicate in primate cells, upon coinfection with SV40, Ad genomes acquired 
sequences from the SV40 genomes (large T antigen) which permitted replication and 
assembly of hybrid genomes into wild-type Ad capsid particles.“ Additionally it may 
be that the helper-dependent AAV genome represents a segment of an extinct or undis- 
covered virus that was selected upon coinfection of an Ad or an HSV. Perhaps the 
parental virus was too virulent to coexist in a human host, therefore explaining the 
nonpathogenic nature of the dependovirus. 

The development of hybrid viral vectors is fundamentally not a new technology 
in gene therapy. Since the dawn of gene therapy, scientists have utilized alterna- 
tive cis-acting sequences from other viruses, specifically promoters and enhancers, 
to drive transgene expression. Most significantly the CMV immediate early pro- 
moter and enhancer has been utilized in almost every viral vector reported to date 
and is well characterized as an extremely strong constitutive promoter in most 
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tissues.^546 Other well-utilized viral promoters have included the Rous sarcoma 
virus LTR promoter, the SV40 early promoter, hepatitis B virus (HBV), and the 
EBV promoter.*>*° Additionally, application of the picornaviral functions of 
“cap-independent” initiation of translation has also been extensively applied in 
viral vectors. These translational regulatory elements, termed internal ribosomal 
entry site sequences, enable bicistronic expression from a single mRNA tran- 
script.*” The application of these elements greatly complemented the limited insert 
capacities of viral vectors, thereby negating the need for separate promoters to 
drive two transgene cassettes. 

Retroviral vectors have been studied in hybrid vector systems since the early 
1980s, “pseudotyping” them with functions from other retroviral vectors. Specif- 
ically heterotrophic viral glycoproteins from other retroviral env genes have been 
stably incorporated into MoMuLV vector particles. The incorporation of vesicular 
somatic virus G (VSV-G) glycoprotein,*® gibbon ape leukemia virus (GALV) 
and HIV-1 glycoproteins*? into murine leukemia virus (MLV) particles has been 
reported. These “hybrid” MoMuLV virions attain the tropism of the pseudotyped 
env proteins, retargeting or broadening the host range of the MoMuLV vector. 
Additionally, incorporation of VSV-G env has been demonstrated to increase the 
stability of the virions, enabling higher titer-yielding purification techniques to be 
applied.°°>! Hybrid retroviral vectors have also been constructed incorporating dif- 
ferent cis acting elements contained in the U3 region of the LTR, which direct the 
transcriptional activity of the virus. Replacement of these U3 regulatory elements 
can impart tissue-specific transcriptional activity on the RV vector.°?>’ Hence the 
concept of hybrid vectors is not a new technology, but the new strategies proposed 
could vastly expand the repertoire of viral vectors available to the clinic. 


3. Hybrid Adenoviral Vector Systems 


A number of hybrid adenoviral vector systems have been reported in the literature, 
combining the properties of RV, AAV, and EBV vectors, as well as elements of other 
Ad serotypes, to enhance the therapeutic efficacy of Ad vectors in vivo. The principal 
aim of these new hybrid vectors is to overcome the limitations of transient Ad vector 
retention in infected cells. In addition to the well-documented limitations of Ad vec- 
tors (Table 2), some initially perceived advantageous properties of Ad vectors do actu- 
ally limit their effectiveness toward therapy for some diseases. The broad host range 
of Ad vectors induces significant disadvantages when tissue targeting is required and 
compromises systemic administration. Additionally, the low pathogenicity of adeno- 
viruses in humans has resulted in many serotypes, including the conventional vector 
strains of Ad2 and Ad5, being endemic. Hence a potent natural anti-adenoviral immu- 
nity is fashioned generally at a very early age. The highly immunogenic nature of the 
proteinous Ad virion further confounds the system, with a rapid and highly effective 
host humoral response being developed to the Ad vector. Research is thus being chan- 
neled into both retargeting Ad vectors to specific tissues and silencing the structural 
immune stimuli to facilitate enhanced Ad vector transduction. 
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3.1 Pseudotyping and Retargeting Adenoviral Vectors 


As targeting and humoral immunity are connected in essence to the same surface 
moieties of the Ad particles, both disciplines are fundamentally interlinked. Methods 
applied to limit the humoral responses have focused on two main strategies: applica- 
tion of alternative “immune-silent’” Ad serotypes or display of alternative ligands on 
the surface of the virions, which is also the major strategy for retargeting the vector. 

The use of alternative serotypes enables the consecutive application of immunolog- 
ically distinct Ad particles, enabling avoidance of specific humoral responses to previ- 
ously applied vectors.5455 This system has presented some success in vivo’ although the 
presence of cross-reacting antibodies is problematic due to the evolutionary similarities 
of Ad serotypes. The application of alternative Ad serotypes with different surface mark- 
ers also provides a mechanism of alternative targeting, as different serotypes posses tro- 
pism for different tissues in the human body. For instance, the conventional gene therapy 
subtypes Ad2 and Ad5 have natural tropism for the gut epithelial layer. Hence in terms 
of gene therapy for cystic fibrosis, initial vectors proved disappointing due to their low 
infectivity of the airway epithelia. To overcome this restriction, Zabner and colleagues 
investigated other Ad serotypes for airway epithelia tropism. A number of other Ad 
serotypes, specifically Ad17, were found to infect the airway epithelia with increased 
efficiency to wtAd2.°’ They therefore proceeded to generate Ad2 hybrid vectors pseudo- 
typed with the Ad17 fiber, where the endogenous Ad2 fiber gene was replaced with the 
Ad17 fiber gene. The resultant chimeric vector displayed increased efficiency of binding 
and gene transfer to well-differentiated human epithelial cells. A similar study by Croyle 
and colleagues demonstrated that binding of wild-type Ad41 had enhanced transduction 
properties in intestines compared to Ad5.58 These studies emphasize the potential of 
alternative Ad serotypes with tropism for different tissues in the human body. Pseudo- 
typing also provides an invaluable mechanism of integrating alternative serotype fiber 
(and/or penton base) genes from other Ad serotypes into the currently well-researched 
Ad vectors, without having to reconstruct the vector backbones. The use of nonhuman 
adenoviruses as vectors for gene therapy is also under investigation, with bovine, ovine, 
canine, feline, and avian adenoviruses being researched.°?©? As well as being poten- 
tially unexposed to the immune system, they may also have specific tropism for selective 
tissues in humans. The potential of pseudotyping nonhuman Ad vector components with 
conventional human Ad vectors is therefore of interest. 

The use of targeted viral vectors to localize gene therapy to specific cell types intro- 
duces significant advances over vectors with conventional natural tropism. As well 
as the safety aspects of reduced immunogenicity and toxicity, the reduced uptake by 
nontargeted cell types may enable application of systemic delivery with feasible viral 
titers and loads. In order to retarget Ad vectors, firstly, the natural tropism of the virus 
must be removed, and secondly, novel, tissue-specific ligands introduced.®? Two main 
mechanisms have been used to retarget Ad vectors. Firstly, the use of external mole- 
cules with affinities for both the Ad surface structural moieties as well as a cell-type 
specific surface ligand. These bispecific molecules act as bridges between the virions 
and the cell. A neutralizing antibody or high-affinity peptide for the fiber or penton 
base can act as the Ad-binding moiety, which can be covalently linked to a high-affinity 
ligand for a tissue-specific receptor.® A drawback of the bridging molecule approach 
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is that native receptor binding is never 100% blocked. To truly block native Ad binding 
to its cognitive receptor requires removal of the intrinsic receptor-binding domains. 

A second approach involves creation of hybrid Ad vectors, pseudotyped with novel 
receptor recognition functions. Genetic modification of the Ad genome by incorporat- 
ing targeting ligands inside the genome, while deleting or ablating sequences of the 
penton and fiber involved in receptor recognition, has been reported. High-affinity pep- 
tide motifs have been subsequently demonstrated to be functionally incorporated into 
Ad particles. These “proof-of-concept” studies focused on the incorporation of ligands 
without ablating natural receptor interactions and resulted in expanding the vector tro- 
pism, which have proved beneficial in vivo in transducing both vascular smooth muscle 
and some tumor types.°*-©° Future studies will focus on honing the targeting functions 
to specific cell types. High-affinity ligands have been stably inserted into the HI loop or 
on the C-terminus of the fiber or into the integrin-binding RGD domain of the penton 
base.°? However, the size, location, and type of ligand to be inserted are currently under 
debate and remain to be determined. Wickham and colleagues demonstrated 10- to 
1000-fold reductions in transduction of cells expressing the coxsackievirus and adenovi- 
rus receptor (CAR) with CAR-ablated vectors.® The residual transduction is being pen- 
ton-base-mediated, emphasizing the requirement of additional ablation of penton-base 
binding.® The further requirement of novel packaging cell lines to facilitate infection 
and propagation of the CAR-/integrin-binding ablated particles also remains an issue. 


3.2 Adenoviral/Retroviral Hybrid Vector Technologies 


A hybrid vector system incorporating the advantageous long-term stable integrative 
functions of retroviral vectors into adenoviral vectors could provide a major clini- 
cal advancement to gene therapy. Hybrid vector systems are thus being investigated 
incorporating retroviral components into the backbones of adenoviral vectors. Initial 
studies have focused on utilizing adenoviral vectors as directors of retroviral vector 
production, delivering the gag, pol, and env genes as well as retroviral LTR cassettes 
to cell populations both in vitro and in vivo. 

Conventional retroviral packaging cell lines are stably transformed with gag, pol, 
and env functions and release retroviral particles upon plasmid transfection of a retro- 
viral LTR transgene cassette.” High-titer retroviral stocks of greater than 107 infectious 
units (iu)/ml can now be obtained from conventional stable producer cell lines.* To 
achieve the highest vector titer, it is necessary to select clones of vector-transduced 
cells individually due to the varying titers of producer cell clones.°’ Direct injection of 
retroviral vectors in vivo has, however, yielded limited efficiencies due to the limited 
transducing titers and poor infectivity. Application of retroviral vectors in the clinic 
has thus focused on ex vivo protocols. This involves the removal of patient tissues, 
which can be cultured for a brief period in the laboratory, transduction with the RV 
vector, and re-implanting back into the patient. The ex vivo approach has yielded some 
success though the procedure is cumbersome and costly, and in most cases, it can only 
transduce a small fraction of the target cells.686° The establishment of retroviral pro- 
ducer cells in situ provides a further mechanism of enhancing the efficacy of retroviral 
gene therapy. Transient transfection of target cells in vivo with the retroviral vector 


464 Adenoviral Vectors for Gene Therapy 





and packaging plasmids, previously used to generate producer cell lines in vitro, by 
direct DNA injection has been reported.’° Although stable integration of subsequently 
generated retroviral particle genomes could be detected, the efficiency was very low. 
The implantation of retroviral producer cell lines into patients has presented a far 
greater potential for the in situ production of retroviral vectors. Gene therapy using 
MoMuLV-based producer cells to treat brain tumors’! has been carried out in a clinical 
trial, but no clear clinical benefit has been reported to date. 

The infectivity of Ad vectors both in vitro and in vivo provides great potential in 
increasing the efficiencies of retroviral production technology. The group of David 
Curiel pioneered the development of hybrid retroviral/adenoviral vectors by using the 
infectivity of adenoviral vectors to efficiently deliver the requisite retroviral pack- 
aging and vector functions to target cells in vivo, thereby rendering them retroviral 
producer cells in situ (Fig. 2). The subsequent release of high local concentrations of 





Gag/Pol 





Env 





Ad Gag/Pol Ad LTR-Transgene Ad Env 


Ad Infection and 
Nuclear Delivery 







Producer Cell 


RV Particles = 
@ © 6 


Fig. 2 Hybrid-Ad/RV vector mediated production of RV particles. Hybrid adenoviral vec- 
tors expressing the gag/pol and env RV genes either together or on split adenoviral constructs 
(as shown) are coinfected with the Ad-LTR transgene vector into cells in vitro or in vivo. 
Subsequent expression of the gag/pol and env genes in the cells establishes in situ retroviral 
producer cells which direct the packaging of the expressed retroviral genomes. RV particles 
expressing the transgene cassettes subsequently bud from the cells and are released into the 
surrounding environment. 
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retroviral particles in situ would enable stable transduction of neighboring tissues, for 
the transient period of adenovirus transduction. The Ad/RV hybrid system reported by 
Feng and colleagues utilized a two-adenovirus delivery strategy.’? The first adenovirus 
contained an LTR-flanked retroviral vector cassette encompassing the green fluores- 
cent protein (GFP) marker and neomycin resistance genes, Ad/RV-vector. The second 
adenovirus contained the replication-defective retroviral helper machinery, encoding 
the gag, pol, and env genes of MoMULV, Ad-gag/pol/env. High-titer adenoviral vec- 
tors could be generated containing the RV cassettes, which could efficiently direct 
the in vitro packaging of RV particles at titers similar to convention packaging cell 
lines.6”72 These studies clearly demonstrate the compatibility of both the adenoviral 
and retroviral life cycles in the context of a hybrid vector configuration. 

Upon infection of cells in vitro with the Ad/RV-vector alone, high initial levels 
of GFP expression were observed, but gradual loss of expression was documented 
over a period of 60 days, as the non-integrated adenovirus was lost from dividing tar- 
get cells. Conversely, upon application of both adenoviruses to cells in vitro, GFP 
expression was persistent for extended periods of time. However, the persistent level 
of gene expression was reduced beyond the time at which expression could be solely 
attributed to the Ad/RV vector. The stable integration of the retroviral cassette in 
surrounding cells was believed to be responsible for this extended expression. The 
longer-term GFP-expressing cells in cultures transduced with both Ad vectors were 
present in clustered outgrowths suggesting local retroviral spreading and/or clonal ori- 
gin. Subsequent demonstration of proviral integration was confirmed by the presence 
of retroviral transgene sequences in high-molecular weight cellular DNA.” No repli- 
cation-competent retroviruses (RCR) were detected with the Ad/RV chimera, despite 
the large genome copy numbers associated with adenovirus production in vitro. 72 

The ex vivo efficacy of the Ad/RV hybrid vector system was investigated by trans- 
ducing the ovarian carcinoma cell line SKOV3 in vitro with the Ad/RV vector alone 
or in combination with the Ad-gag/pol/env vector at a multiplicity of infection (MOD 
of 50 pfu/cell. The infected cells were then mixed at a ratio of 3:1 with uninfected 
SKOV3 cells and subcutaneously implanted in athymic nude mice to allow tumor for- 
mation. Tumors were assessed 20 days post transplantation for GFP expression. Large 
expansive clusters of GFP-expressing cells were only observed in tumors treated 
with both vectors. Further in vivo studies involved direct intraperitoneal injection of 
5-day-old established SKOV3 tumors in nude mice (1 x 107 cells) with the single or 
two adenoviral strategy (1 x 109 pfu/mouse). Sixteen days post Ad infection, the two- 
virus-treated tumors were observed to have islands of GFP-positive cells (10-15% 
transduction), consistent with secondary retroviral transduction. In contrast, single-vi- 
rus-treated tumors revealed very limited (<1%) GFP-positive cells. This pioneering 
study thus established the great potential of hybrid Ad/RV vectors, whose pros and 
cons are presented in Table 3 and discussed further in the concluding remarks of this 
chapter. 

Following the initial proof of concept, a number of other laboratories have further 
investigated the concept of Ad-mediated establishment of retroviral producer cell lines 
in situ. Duisit and colleagues, in collaboration with Francois-Loic Cosset, reported 
on an extension of the hybrid vector system.°’ These studies further restricted the 
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Table 3 Pros and Cons of Hybrid Adeno-/Retroviral Vectors 
for Gene Therapy 


Pros 





Exploit high-efficiency adenoviral infection to deliver retroviral assembly machinery 
Utilize stable high titer adenoviral vectors 

Increase the duration of biological activity of delivered transgene 

Avoid initial limitations of retroviral infectivity to nondividing tissues 

Utilize adenoviral vector tropism 

Therapeutic gene expressed by retroviral cassette will still be expressed in context of sole 
delivery of the Ad/RV cassette vector 

Initial burst of transgene expression can be converted to a stable lower level expression 
Delivery deep into cell layers 


Cons 





* Progeny retroviral vector can still only infect dividing cells 
In situ released retroviral vector limited according to RV infectivity and tropism 
Requires codelivery of two or more adenoviral vectors 
Risk of RCR 
Safety 
Rescue of endogenous retroviral elements 
Interactions with host cell functions 
Diffusion may still be very limited around the initial needle tract 
In situ titers of retroviral particles maybe limited 
Different cells have different intrinsic potentials for retrovirus production 








potential of RCR by separating the gag/pol core particle-expressing elements from the 
env surface glycoprotein gene, which they supply on a separate Ad vector (Ad-gag/pol 
and Ad-env; Fig. 2), to minimize retroviral sequence overlaps. Additionally, in the 
context of pseudotyping retroviral vectors they replaced the natural MoMuLV env 
gene with the GALV env gene. In small-scale pilot experiments, TE671 cells simul- 
taneously infected with the three Ad vectors efficiently released helper-free retroviral 
particles at titers of up to 5x 10°iu/ml for at least 3 days following infection.®’ 

The further separation of the key retroviral elements facilitated the individual char- 
acterization of each retroviral function in terms of variable copy load, on comple- 
menting retroviral cell lines. The results helped to shed light on the factors currently 
limiting retroviral vector production and investigating particular cell-type-specific 
features of the producer cells. The availability of packageable RNAs of the retroviral 
genome itself was not found to be rate limiting, with Ad-mediated overexpression 
resulting in increasing, non-saturatable retroviral titers.°’ The results indicated that 
high expression of Gag-Pol and Env proteins through the introduction of high copy 
numbers of their genes was not required to achieve an efficient retroviral production, 
and that there is probably a limit to the number of particles that a given cell may 
release. Increased GALV env copy number resulted in augmented glycoprotein syn- 
thesis, with RV-particle production plateauing between MOIs of 10 and 50. At higher 
MOIs, titers decreased, possibly by a break of tolerance by the cell to efficient RV 
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particle assembly or budding. It was observed that Pr65 gag precursor expression sat- 
urated with Ad-Gag/Pol MOIs of greater than 5.°7 At higher titers, premature matura- 
tion of Pr65 transcripts became apparent, which normally occurs at maturation of the 
retroviral particles.’> However, despite these observations reported, titers were equiv- 
alent to those generated on high titer generating stable packaging cells.°’ A detailed 
analysis of the release of non-infectious/incorrectly processed budding particles may 
be of interest. Additionally, despite the expression of similar levels of Gag precursors 
and premature forms, a wide variability was observed in the capacity of different cell 
types examined to assemble and release retroviral particles.°’ In the context of the 
hybrid adenoviral/retroviral vector system, when applied at optimal MOIs, a critical 
limiting factor(s) for the production of retrovirus is the ability to avoid premature 
activation and convert the bulk of Gag and Gag-Pol precursors in nascent viral infec- 
tious particles.°’ Despite the high copy number of all three retroviral units introduced 
into cells, no RCR could be detected. These Ad/RV hybrid vector studies go some 
way in aiding the elucidation of the limiting factors involved in retroviral production 
in packaging cell lines and they indicate that the careful selection of packaging cell 
type is crucial. This observation is highly significant to therapeutic applications of the 
hybrid vector system where different tissues of the body will be more suited to RV 
complementation than others. The hybrid Ad/RV system can also facilitate the rapid 
screening of various primate cells for their retroviral production potentials and allows 
simple substitution/pseudotyping of components in the system. 


3.2.1 Tetracycline-Inducible Env Pseudotyping of Ad/RV Hybrid 
Vectors 


Pseudotyping the VSV-G retroviral envelope in the MoMuLV back bone, as discussed 
earlier, enhances the stability and tropism of the native virus.*! This enhanced stabil- 
ity enables higher titer preparation to be prepared by centrifugation. Generating Ad 
vectors expressing the VSV-G envelope glycoprotein has, however, proven techni- 
cally difficult due to the cytotoxic nature of the protein product. Yang and colleagues 
demonstrated that the VSV-G gene could be effectively controlled under the tetracy- 
cline-inducible system’* in packaging cell lines obtaining unconcentrated titers of 10° 
to 10°iu/ml.’> Yoshida and colleagues extended these studies by applying the tetra- 
cycline-inducible system in the context of an Ad vector.’° Ad vectors were generated 
encoding VSV-G and MoMUuLV gag/pol genes, both under the control of the tetracy- 
cline-controllable promoter. Hence only upon the supply of doxycycline (a tetracy- 
cline homolog) efficient expression would proceed from the gag, pol, and env genes. 
Minimum “leaky” expression of cytotoxic VSV-G under the control of the inducible 
promoter remained low enough to allow Ad propagation to titers of 4x 10° pfu/ml. 
The drawback of this system is the necessity to provide a further Ad construct con- 
taining the tetracycline transcriptional regulator (Ad-rtTA), expanding the system to 
a four-adenovirus transduction strategy, together with Ad-TetGag/Pol, Ad-TetEnv, 
and the Ad/RV-vector expressing neomycin resistance. Application of the four viruses 
in vitro generated retroviral transgene titers of up to 5x 10°iu/ml, which were further 
purified to titers of >107iu/ml following simple centrifuge concentration of the virus 
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from culture fluids at 50-80% recovery efficiency.’° Caplen and colleagues extended 
these studies in two tumor model systems in vivo by subcutaneous injection of (1) 
9L glioma tumors in rat or (2) human A735 melanoma xenografts in nude mice.” 
Only upon application of all four viruses in the 9L rat model were neomycin-resistant 
cell cultures established from harvested tumor tissues. Molecular analysis of genomic 
DNA extracted from neomycin-expressing 9L rat cultures, derived both in vitro and 
in vivo, showed the appropriate integration of the retroviral transgene cassette.’’ 

The human-xenograft nude mouse model system meant that Ad was not cleared 
in the time frame examined (4 weeks), hence efficacy was assessed as increases in 
G418R cells compared to single hybrid Ad/RV-vector transgene transduction.’’ In the 
human-xenograft mouse model system, tumors harvested at 1, 3, and 4weeks post 
transduction displayed increased numbers of neomycin-resistant colonies with time 
only upon transduction of the full complement of adeno-retroviral constructs. At 
4 weeks up to 7.2% of xenografted cells were retrovirally transduced. Transduction of 
tumors with Ad/RV vector alone yielded no increase in the number of neomycin-re- 
sistant clones. DNA extracted from the xenograft tumors, as for the rat model, only 
showed the presence of integrated proviral sequences when transduced with the full 
complement of adeno-retroviruses. 

Titers of retrovirus particles generated from the 9L rat glioma cells in vitro were 
dependent on the input MOI of the adenoviruses, with maximum titers of up to 
1x 105iu/ml generated at MOIs in the range of 200-300 for each virus.’” Under these 
optimal conditions the presence of doxycycline (1 uM) enhanced the titers by a factor 
of 2000-fold.’’ Interestingly, in vivo similar numbers of clones were observed after 
the four-adenovirus transduction strategy in the presence or absence of doxycycline: 
30 and 20 colonies per 10° cells plated. Less than 1 colony per 10° plated cells was 
observed with the Ad/RV vector alone. These low transduction titers do, however, 
indicate the current inefficiencies of the system, which are reduced compared to other 
reports.’ But the inefficiencies can to some extent be explained by the application of 
four separate Ad vectors for the system to function, significantly increasing the kinetic 
complexity of the generating retroviral vector producer cells in vivo. Additionally the 
poor efficiency of transduction of the rodent cells by Ad is emphasized by the required 
MOIs applied (>200) to generate optimum titers.” 


3.2.2 Cooperative Adenoviral/Retroviral Vector Delivery 


Other mechanisms of combining the advantageous properties of adenoviral and retro- 
viral vectors have involved combinatory application of the separate vectors. Delivery 
of the retroviral genome in the context of a retroviral particle (RV vector) coinfected 
with an adenovirus expressing the gag, pol, and env genes (Ad-gag/pol/env) has been 
reported.’ Coinfection of the vectors into NIH 3T3 cells generated retroviral titers 
>10°iu/ml. The advantages of this system over the hybrid Ad/RV-vector delivery of 
the transgene cassette are questionable, specifically from a cell-targeting aspect. 
Several groups have also recently demonstrated stable ecotropic retrovirus-mediated 
gene transduction of human cells using preinfection of Ad or AAV vectors expressing 
an ecotropic receptor.’?*! In order to target retroviruses specifically to malignant 
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hepatic tissues, an adenovirus expressing the ecotropic receptor under the control of 
a hepatoma-specific promoter®2:*? was constructed. Although tissue-specific expres- 
sion of the retroviral ecotropic receptor and subsequent tissue-specific targeting of 
ecotropic enveloped-retroviral vectors were demonstrated in vitro,** the clinical ben- 
efits of this system are limited. In essence, direct application of the tissue-specific 
promoter to expression of a therapeutic transgene in the adenoviral vector would be 
more beneficial. 


3.2.3, Non-Specific Integration of RV LTR Cassettes in the Context 
of Ad Vectors 


The studies presented above all emphasize the requirement of all the gag/pol and env 
components to derive stable integration of an RV LTR-flanked transgene cassette. 
However, a controversial report printed in Nature Biotechnology challenged that doc- 
trine. Zheng and colleagues reported that an RV LTR-flanked cassette contained in an 
Ad vector (Ad/RV vector) could integrate efficiently in the absence of the retroviral 
enzymatic proteins.3 The group studied a conventional MoMuLV LTR-flanked lucif- 
erase reporter gene cloned in the El-deleted region of a first generation Ad vector 
(AdLTR-Luc), analogous to previous hybrid Ad/RV-vectors. A variety of cells and tis- 
sues permissive to Ad infection (epithelial cells, macrophages, and hippocampal cells) 
were transduced in vitro and in vivo by the hybrid AdLTR-Luc, and compared with 
AdCMV-Luc transduction, containing the CMV promoter in place of the LTRs. The 
AdLTR-Luc vector was demonstrated to direct sustained luciferase expression com- 
pared to the CMV promoter-driven vector. Despite probable well-documented CMV 
promoter inactivation events, the authors present evidence for stable integration of 
the LTR-Luc cassette at sites within the LTR elements, by a mechanism independent 
of classical retroviral integration. Fluorescence in situ hybridization (FISH) analysis 
using probes for the 5’LTR and the luciferase gene revealing integration of the AdLTR-Luc 
vector with an apparent frequency of 10-15% in vitro and 5% in vivo. Southern blot 
analysis also implied integration of the 5’LTR of the hybrid vector, which was subse- 
quently supported by sequencing of the region adjacent to the 5’LTR integration site. 
No integration of the AACMV-Luc was reported. The frequency of spontaneous Ad 
integration has previously been reported at much lower frequencies (10-3 to 10-5),86 
suggesting the presence of the retroviral LTR elements in the AdLTR-Luc somehow 
potentiates integration. The major question is whether an endogenous retrovirus is 
present in these cells; however, the authors reported negative results for RT activity. 
Additionally the integration events reported are not classic retroviral integration, as 
integration does not proceed at a conserved terminal position and results in the ran- 
dom loss of substantial terminal LTR sequence. Jn vivo studies involved injection of 
rat submandibular glands by retrograde ductal instillation of 1 x 10° pfu/gland. After 
initial high-luciferase expression, the levels plunged to near zero for AdCMV-Luc 
after 9 weeks but stabilized with AdLTR-Luc after 2 weeks although at significantly 
reduced levels. Although these findings are consistent with low-level integration of the 
LTR cassette, no specific mechanism of integration has been proposed, and alternative 
interpretations of nonspecific LTR-independent mechanisms are probable. As no drug 
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selection gene was present in the vectors, clonal populations were derived on the basis 
of sustained luciferase expression. Hence, considering firstly the well-documented in 
situ inactivation of CMV promoters, specifically in the context of integration, lucifer- 
ase expression would be absent in long-term cultures transduced with AdCMV-Luc. 
Therefore, the studies with AdLTR-Luc may have inadvertently selected for random 
integration events within the 5’LTR that maintained luciferase expression. The prob- 
ability of such an event is fairly significant considering the limited extent of genetic 
material upstream of the LTR cassette in the Ad vector (ITR and yw). Additionally 
with the high MOIs applied, selection of high copy number-transduced cells is highly 
probable, under which conditions spontaneous integration of the Ad vector is more 
probable. The sequencing data presented also demonstrate integration occurring at 
sites within the U3 region of the 5’LTR for several clones that would ablate LTR pro- 
moter activity. The selection of these luciferase-expressing cells would more probably 
be due to multiple integration events, which were clearly demonstrated by FISH anal- 
ysis,®> rather than integration site promoter effects. 

Integrated proviral sequences were not reported in animals that received the Ad/RV 
vectors alone in other similar studies.” However these reports were looking specifi- 
cally for retrovirus-mediated integration events and not the proposed alternative mech- 
anisms reported by Zheng and colleagues. The report by Caplen and colleagues’’ 
investigated the integration event based on the retroviral mechanism of reproducing 
the 3’LTR sequences to the 5’LTR structures.! The specific duplication of a nucleo- 
tide restriction site upon retroviral replication was used as a marker of integration in 
southern blot analyses. Analysis of a pooled population of neomycin-resistant colo- 
nies revealed efficient band size switching indicative of the duplication event, and thus 
retroviral replication. However, consistent with the observation of Zheng,*° randomly 
integrated Ad—RV transgene cassette fragments could be seen in context of general- 
ized hybridization of the probe to high-molecular weight DNA from single-vector 
transduced animals.” These bands were, however, weak and consistent with random 
integration. Further studies are therefore merited to evaluate the efficacy of integration 
of LTR-flanked cassettes in the context of an Ad vector to determine whether a specific 
mechanism does exist and whether it could be further refined for vector use. 


3.2.4 Integration of Closed Circle Retroviral Cassettes Delivered 
by Adenoviral Vectors 


Following retroviral infection, reverse transcribed proviral DNA serves as a substrate for 
an integration reaction catalyzed by the retroviral INT protein, which, along with viral 
GAG proteins, forms the pre-integration complex.” This complex brings the 5’ end of 
the 5’‘LTR (the U3 region) into close juxtaposition with the 3’ end of the 3’LTR (the U5 
region).°’ The direct substrate for INT is most likely a linear, double-stranded molecule 
with blunt ends.** INT-mediated integration then occurs by a very precise mechanism 
in which the terminal-two base pairs of each LTR are lost prior to integration into the 
target cell genome.” However, closed circular molecules have also been detected in 
the nuclei of retrovirally infected cells, which contain 2LTRs joined covalently together 
at the so-called circle junction.$”.! Although there is considerable evidence that MLV 
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probably does not use a 2LTR circle as the principal integration intermediate,*78%- 
it was hypothesized that it may still be possible for INT to use such a molecule as a 
template for integration if it were the only, or predominant, species delivered into the 
nucleus.®’ This hypothesis is supported by the existence of the 2LTR circles in MLV-in- 
fected cells’? and evidence from the spleen necrosis virus (SNV) system that the LTR 
junction fragment can be an effective substrate for integration.?! 

We investigated whether a 5’‘LTR-3’LTR junction fragment, in a closed circu- 
lar DNA molecule excised from an incoming plasmid by Cre recombinase and in the 
absence of the preferred, linear viral DNA molecules, could be recognized by the ret- 
roviral integration machinery (Fig. 3). A fused LTR junction fragment was thus cloned, 
containing the entire 3‘LTR and just 28bp of the U3 region of the YLTR (Fig. 4(A)). 
This LTR junction together with the puromycin resistance gene was flanked by LoxP sites 
and was demonstrated to efficiently excise a circular proviral intermediate in vitro upon 
supply of Cre recombinase in trans.’ Further studies in cell lines trans-complementing 
Gag/Pol gene functions, together with Cre recombinase generated long-term neomy- 
cin-resistant clones. Genomic DNA extracted from stable clones was used to investigate 
the proviral integration structures by utilizing a panel of diagnostic PCR primers. The 
PCR demonstrated that integration following plasmid transfection, Cre excision, and 
puromycin selection for >1 month can produce a very specific molecular structure which 
is distinct from that produced by random plasmid integration. PCR results demonstrated 
that the 5’ and 3’ LTRs, which are adjoining in the plasmid backbone, become separated 
by the intervening sequences of the retroviral vector genome (between the loxP sites). 
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Fig. 3 Genomic integration of an adenovirally delivered retroviral circular provirus 
cassette. A LoxP flanked cassette containing a fused terminal LTR junction and transgenes 

of interest were inserted into an adenoviral vector. Upon infection of cells expressing cre 
recombinase, this cassette is efficiently excised as a closed circular molecule. The fused LTR 
junction contained in this circular proviral molecule are subsequently recognized by retroviral 
integrase directing integration into the host chromosome. 
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Clone 3 

CCTACAGGTGGGGTCTTTCA 

CCTACAGGTGGGGTCTTTCA 
Clone 4 

CCTACAGGTGGGGTCTTTCA 
Clone 5 

CCTACAGGTGGGGTCTTTCA 
Clone 6 

CCTACAGGTGGGGTCTTTCA 
Clone 7 


CCTACAGGTGGG GTCTTTCATTAATGAAAGACCCCCGCTGACGGGTAGT 


Clone 8 

TCATTAATGAAAGACCCCCGCTGACGGGTAGTACTGTGCCCTG 
Fig. 4 Sequencing of the integration junctions of the circular RV proviral cassette. 
(A) Schematic representation of the RV genome conformation in the non-covalently linked 
circular pre-integration complex and the subsequently cloned fused LTR junction. (B) 
A human cell line expressing the retroviral gag/pol genes and cre recombinase (TelCre) 
were infected with the Ad/RV hybrid vector expressing puromycin resistance. Colonies 
were selected which had stably integrated the RV proviral cassettes and the genomic DNA 
extracted. The integration junctions were subsequently cloned by PCR amplification of re-li- 
gated restriction digested fragments containing the integration site,?? which were subsequently 
sequenced through the integration site. 


A molecule is thus generated in which the proviral genome is now bounded by the LTRs 
in a manner typical of INT-mediated integration (Fig. 3). Critically, the terminal two base 
pairs of both the 5LTR (U3 region) and the 3’LTR (U5 region) were lost (Fig. 4(B)). 
Hence these studies confirm that a circular retroviral genome with terminally fused LTR 
structures can indeed serve as a substrate for the retroviral machinery. 
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From this initial proof of concept, the LoxP cassette was subsequently assembled 
into an El-deleted Ad vector. The Ad virus is used to deliver the LTR junction frag- 
ment into the nuclei of cells; the proviral-like intermediate can then be excised from 
the Ad genome by the Cre/lox system and forms a template for INT-mediated integra- 
tion. This hybrid Ad/RV system thus has the high transient titer of Ad vectors, does 
not depend upon cell division for infection, and leads to long-term gene expression 
via integration of a proviral transgene cassette. Delivery of the Lox-Puro-Junc-Lox 
cassette in an Ad vector, in the presence of Cre and GAG and POL allowed cloning of 
cells which are resistant to puromycin for long periods in culture. Without Cre, such 
clones were impossible to obtain. Moreover, these clones contain a molecular struc- 
ture consistent with proviral integration by PCR and contain integration sites which, 
for the majority of the clones (7 of 9), are typical of INT-mediated, rather than random 
integration processes (Fig. 4(B)). Codelivery of three separate Ad vectors, Ad-GAG/ 
POL, AdCre, and Ad.LTR.Junc, was also able to produce long-term integrants. There- 
fore, we are currently optimizing the design and use of this novel hybrid vector system 
into a single, or double, Ad delivery system. Recent experiments have shown that 
Pol-expressed INT alone is sufficient to drive the integration of the Cre-excised provi- 
ral form in vitro without the need for additional Pol or Gag proteins. An Ad vector was 
thus cloned incorporating the INT gene in the same cassette as the transgene cassette 
to enable a two-vector transduction strategy, which is currently under investigation in 
our laboratory. This novel hybrid vector system presents great potential in enabling the 
stable transduction of all cells primarily infected by the Ad vectors. 


3.3 Ad/EBV Hybrid Vectors 


An alternative application of the Cre/LoxP recombinase system of excising a circular 
proviral molecule from an Ad vector”? has replaced the retroviral component with the 
genetic stability of the EBV replicon system.°*> This hybrid Ad/EBV vector system 
utilizes Ad-mediated nuclear delivery of a Cre-excisable EBV replicon which can be 
stably maintained as an EBV episome.?° EBV episomes contain the EBV latent ori- 
gin of replication (Ori,) and the EBV nuclear antigen-1 (EBNA-1) which acts on Ori, 
driving episomal replication (Fig. 5(A)). Previous studies have demonstrated that EBV 
nuclear episomes are stably maintained through multiple cell divisions in primate and 
canine cells, replicating once during S phase and segregating to both daughter cells with 
approximately 95% efficiency.’ Tan and colleagues flanked Ori, and EBNA-1, together 
with the puromycin resistance gene, with LoxP sites and cloned them into an El-de- 
leted Ad vector.’ However, multiple attempts to make an adenovirus failed due to sus- 
pected inhibition of Ad replication upon binding of ENBA-1 to Ori,. Hence a vector was 
assembled which only brought EBNA-1 upstream of its promoter following Cre excision 
of the proviral cassette (Fig. 5(B)), thus silencing its expression in the absence of Cre 
recombinase.”* The resultant Ad/EBV hybrid vector stably transformed 37% of surviv- 
ing canine D-17 cells to puromycin resistance following cotransfection with Ad-Cre. 
The circular EBV replicons were maintained in daughter cells for 14 weeks, ~110 cell 
generations. Surprisingly the puromycin resistance gene was also discovered in an inte- 
grated form, in the cellular chromosomal DNA.** Integration of EBV episomes has not 
been reported previously in human cells, although a differential function in the canine 
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Fig. 5 Episomal replication and maintenance of a cre-excised EBV replicon from an 
adenoviral vector. (A) A LoxP flanked cassette containing the EBV origin of replication (Orip) 
nuclear antigen (EBNA-1) and transgenes of interest were inserted into an adenoviral vector. 
Upon infection of cells expressing cre recombinase, this cassette is efficiently excised as a closed 
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cells may be involved. One major limitation of the hybrid system was, however, that a 
large cell fatality was observed upon transduction with the Ad vector into the D-17 cells 
at the optimum transduction conditions (MOI 30). This was discussed by the authors as a 
function of leaky Ad gene expression from the first-generation vector in the canine cells 
and not related to EBNA-1 toxicity.°* Reports have previously shown that EBNA-1 does 
not elicit a cytotoxic T-cell response, due to the presence of a series of glycine—alanine 
repeats.°® These repeats act in cis to prevent major histocompatibility complex class I 
presentation by inhibiting antigen processing by the ubiquitous processing pathway.’ 

A very similar Ad/EBV replicon vector has also been described in the context of 
an E4-deleted, second-generation Ad vector.’ Coinfection of human cells with this 
vector, together with AdCre (also E4-deleted), resulted in efficient delivery and exci- 
sion of the replicon in the absence of vector-induced toxicity. The replicons were 
maintained following successive cell divisions both in vitro and in vivo, suggesting 
efficient extrachromosomal replication as well as nuclear retention of the episome. 
The residual Ad backbones were, however, progressively lost by a dilution mechanism 
occurring in the absence of DNA replication.’ 

As for all gene therapy vector systems, incorporation of all the components into a 
single vector would simplify delivery and therapeutic efficacy. As for the previously 
described Cre-excisable RV provirus strategy,” combination of the vector elements for 
the Ad/EBV has its limitations. Any expression of Cre recombinase would result in pre- 
mature excision of the EBV replicon, specifically upon initial Ad propagation. Wang 
and colleagues, however, enabled incorporation of all the components into a gutless HD 
Ad vector by use of a tissue-specific promoter to control Cre expression.’ Placing Cre 
under the control of a synthetic promoter (HCR12), consisting of hepatic locus control 
elements from the human ApoE/C locus fused to the first intron of the human EF1a gene 
allowed adequate suppression of expression in 293 cells while permitting recombination 
and subsequent gene expression in the target tissue. However, promoter activity was not 
completely extinguished in all nonhepatic cells. In order to limit the effects of leaky Cre 
excision of the LoxP cassette, the Ad packaging signal was included in the excisable 
cassette (Fig. 5(C)). The placing of a LoxP site between the LTR and p has been demon- 
strated not to inhibit Ad expression extensively.!? Thus leaky excision would remove 
yw from the Ad vector backbone, rendering the Ad genome non-packagable and hence 
preventing contamination in the final viral stocks. Additionally, removal of y from the 
cassette also eliminates the E1 enhancer elements, which are inter-linked with the pack- 
aging elements, which have been reported to additionally limit leaky viral expression 
events from the adenoviral tripartite leader sequence (TPL).%” 


circular molecule. Upon action of EBNA-1 on Orip, the circular cassette is efficiently replicated 
by the rolling circle mechanism facilitating maintenance of the casstte in the infected cells. (B) 
In order to control the expression of the EBNA-1 genes the promoter and gene are separated 

in the Adenoviral cassette and only become productively in line in the excised replicon form 
following cre-mediated excision. (C) By inserting the left LoxP site between the Ad LTR and Y, 
leaky excision of cre recombinase and subsequent premature excision of the loxP cassette would 
render the resulting Ad vector non-packagable due to elimination of W. This strategy eliminates 
contamination of the excised adenoviral form upon propogation of the hybrid Ad/EBV vector. 
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3.4 Hybrid Retroviruses Trafficking to the Nucleus 


While previously described strategies have focused on combining the advantageous 
properties of retroviruses into adenoviral vectors, research has also investigated the 
reverse scenario. An interesting study by Lieber and colleagues investigated the poten- 
tial of inserting the nuclear localization functions of an adenovirus into a retrovirus. 100 
The failure of MoMuLV to cross the nuclear membrane in the absence of cell division 
has limited retroviral vectors. Large proteins or complexes (>40-60 kDa), such as the 
retroviral pre-integration complex are too large to pass into the nuclear membrane by 
simple diffusion and require nuclear localization signals (NLS). NLS interact with 
cytoplasmic receptors initiating an energy-dependent multistep translocation into the 
nucleus. The efficient nuclear-targeting properties of Ad vectors have made them ideal 
gene delivery vehicles. It is generally believed that NLS in the preterminal protein 
(pTP) and the core protein V play a crucial role in directing the Ad genome complex 
to the nucleus. The Ad preterminal protein (pTP) binds alone or in a complex with 
the Ad polymerase to specific sequences at the termini of the adenoviral ITRs. Lieber 
and colleagues investigated whether coexpression of pTP with retroviral DNA carry- 
ing pTP-binding sites would facilitate nuclear import of the pre-integration complex 
and transduction of quiescent cells. Preliminary experiments demonstrated successful 
nuclear import of plasmid DNA via the karyotypic pTP (in the presence or absence of 
Ad-polymerase) into the nuclei of growth-arrested cells.!° 

The pTP-binding motif was initially established by engineering two head-to-head ade- 
noviral ITRs, but was later reduced to an 18-bp terminal fragment of the ITR, deemed the 
minimum required unit.!° Interestingly attempts to introduce the full Ad ITR fragment 
into retrovirus vectors resulted in viruses with very low titers (<10?iu/ml), indicating 
adverse effects on retroviral replication. The minimal ITR 18-mer oligonucleotide, how- 
ever, allowed high-titer retrovirus production. The pTP-binding site was placed in the 
center of the recombinant vector between hAAT and neo in order to avoid potential inter- 
ference of pTP binding on pre-integration complex stoichiometry. Results demonstrated 
that the incorporation of the pTP karyotypic machinery in the context of the retroviral 
backbone could indeed efficiently translocate the RV genome across the nuclear divide. 
pIP-mediated transduction was, however, always less than in proliferating cells, possi- 
bly indicating weak binding to the viral DNA, which is supported by Ad-Pol increasing 
nuclear import and transduction. Alternatively the nuclear matrix-binding properties of 
pTP could interfere with the retroviral transduction functions. Disappointingly, however, 
pTP nuclear import of MoMuLV DNA in nondividing cells was found not to be suffi- 
cient for stable transduction. Undetermined additional cellular factors activating during 
S phase and/or DNA repair are required for efficient retroviral integration. 10° 


3.5 Hybrid Ad/AAV Vectors 


Incorporation of AAV nuclear retention functions into hybrid Ad vectors has also 
become a great interest in gene therapy. AAV vectors have emerged strongly as can- 
didates for gene therapy, being nonpathogenic and presenting a mechanism of stable 
integration into a specific locus of the human host chromosome. The terminal ITR 
structures contain all the cis-acting elements required to drive episomal replication, 
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host genome integration, and packaging into infectious AAV particles.!°!-!°* The rep 
gene products mediate the amplification of the AAV genome and facilitate site-specific 
integration into the human chromosome 19q13.3, termed AAVS1.°7!% In the context 
of double-stranded circular DNA plasmid vectors, the presence of the two AAV ITRs 
was demonstrated to be sufficient to rescue AAV genomes from the plasmid backbone 
and to mediate its integration into host DNA.!°!:!° These findings paved the way to 
the development of AAV vectors and initiated the application of AAV genomes in 
hybrid vector systems. The ITR-flanked AAV cassettes were subsequently demon- 
strated to also be efficiently rescued from the backbones of other viral vectors. In cul- 
tured cells, AAV integrates into the host chromosome with a relatively low frequency 
of 1x107 to 3x107 genomes per cell, with alternative episomal replication of its 
genome permitting long-term persistent expression in cells.!°’ However, the integra- 
tion efficiency can be enhanced by stimulation of the host DNA repair machinery by 
gamma irradiation or topoisomerase inhibitors.!°°:!°° The only requirement for AAV 
integration and episomal concatemerization appears to be the presence of AAV ITRs 
and as yet undetermined cellular factors. !0!:102,106 

Following the hybrid Ad/RV studies, AAV ITR-flanked transgene cassettes have 
been similarly applied in the context of an Ad backbone. AAV ITR cassettes can be 
efficiently rescued from Ad genomes and assembled into AAV particles upon the sup- 
ply of rep and cap functions in trans.! In the absence of the cap genes, Ad-mediated 
delivery of the AAV ITR cassettes can result in its stable integration into the host 
genome, in the presence or absence of the rep genes (Fig. 6). However, studies on the 
relationship between Ad and AAV demonstrate a strong interference of AAV on the 
Ad life cycle.'!° Although the precise mechanism is undetermined, Rep expression 
is sufficient to suppress the maturation of Ad replication centers.!!! Hence the major 
complication in the union of the Ad/AAV hybrid vector system has been strategies to 
facilitate rep expression in the context of an adenoviral vector. 
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Fig. 6 Hybrid-Ad/AAV vector mediated integration of the AAV ITR cassettes. Infection 
of cells with the hybrid Ad/AAV vector enables precise excision of the ITR-flanked cassette 
from the adenoviral genome, which can subsequent be integrated into the host genome. This 
mechanism can occur in the absence or presence of the AAV Rep proteins. In the presence of 
Rep the cassette is predictably integrated into the AAVS1 loci on human chromosome 19. 


478 Adenoviral Vectors for Gene Therapy 





(A) P 
ep SA SD Cap 
my me] 
P5 P19 P40 


» Cap Structural Proteins 























VP1, VP2 and VP3. 
Rep78 
Splici 
WS Rep68 
E ie > 
Rep52 
Splicing 
Rep40 
a a > 
(B) Re Xo 
pip 
P5 P19 P40 
Rep78 
ea 
(C) Promoter S Rep78 
= Na —-» NO EXPRESSION 





LoxP LoxP 
Cre Recombinase. 


— .——— Rep78 EXPRESSION 





LoxP 


Fig. 7 Control of the expression of the AAV Rep proteins in the context of their inhibitory 
effects on Ad production. (A). Schematic representation of the AAV genome. Three promoter 
are contained in the AAV genome; P5 and p19 control expression of the alternatively spliced 
Rep68/78 and Rep40/52 transcripts, respectively, while P40 controls expression of the Cap gene 
products. (B) In order to restrict expression from the Rep cassette to just the Rep78 form, a point 
mutation was introduced into the P19 promoters ATG start site, preventing Rep40/52 expression 
and a similar mutation in the P5 transcripts splice site eliminated Rep68 expression. (C) In order 
to further restrict Rep78 expression from the Ad vector a Loxp cassette flanking a polyA stop 
site was cloned between the Rep78 gene and its promoter. This cassette completely silences 
Rep78 by preventing translation by premature termination at the introduced polyA site. 
Cre-mediated excision, removes this cassette permiting Rep78 expression to proceed. 


The AAV rep gene encodes four proteins that are expressed from independent pro- 
moters (Fig. 7(A)). The differentially spliced Rep68 and Rep78 products are expressed 
from the P5 promoter and individually are capable of catalyzing AAV genome integra- 
tion.!!?:!!3 The poorly characterized Rep40 and Rep52 proteins are expressed from the 
P19 promoter and, although having similar catalytic properties to the other proteins, 
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their function is undetermined and believed to be distinct from Rep68/78.!'* Recchia 
and colleagues investigated amplification conditions that were likely to minimize Rep 
inhibition of vector production.'!> Specifically, P19 promoter expression of Rep52 
and Rep40 was reported to impose significant inhibitory functions to Ad replication, 
although Rep68 and Rep78 functions were also apparent. To minimize the complica- 
tions of Rep-mediated interference of Ad production, the expression of Rep proteins 
was restricted to just the Rep78 isotype, by inactivating the Rep52 and Rep40 tran- 
scripts by ATG mutation and preventing Rep68 splicing by similar point mutations 
at the splice site (Fig. 7(B)). Rep79 was placed under the control of either the T7 
promoter, a promoter previously applied to the production of adenoviruses expressing 
toxic genes, or the al-antitrypsin (alat) liver specific promoter to additionally mini- 
mize any interference. The AdT7—Rep78 shuttle vector was successfully recombined 
in 293 cells to generate the Ad vector, whereas shuttle vectors containing the wild-type 
Rep or only expressing the Rep52 and Rep40 isotypes, did not yield any viral plaques. 
The functionality of the AdT7—Rep78 vector was demonstrated in an AAV rescue 
study.!!5 

As expression from the alat promoter restricts expression to hepatic tissues, Ueno 
and colleagues applied an alternative Cre/LoxP bacteriophage P1 system as a switch 
to regulate Rep expression from an Ad vector.!!6 A LoxP-flanked cassette containing 
a transcriptional silencing sequence (SV40 polyA) was cloned between the Rep7& 
gene and its CAG promoter (Fig. 7(C)). Hence upon Cre recombinase expression 
the LoxP cassette is excised, uniting promoter and transgene and allowing transcrip- 
tion to proceed. The authors failed to yield any virus with Rep78 driven by the CAG 
promoter in the absence of the Lox-stop cassette. The vector system thus required a 
third Ad expressing Cre (AdCre) to be coexpressed with AdLoxP—Rep78 and the Ad/ 
AAV hybrid vector. Only upon application of all three vectors to HeLa cells (MOIs of 
10-20) site-specific integration into AAVS1 was detected by PCR analysis of genomic 
DNA.!!° As with the previous systems, incorporation of all the vector components into 
a single gutless vector is a major aim. The application of Cre recombinase would thus, 
as with the previous Ad/EBV replicon system,”* require tightly controlled expression 
to be incorporated into the same HD vector as the LoxP cassette. 


3.5.1 Helper-Dependent Ad/AAV 


Recchia and colleagues furthered the studies of Ad/AAV hybridology by incorpo- 
rating the system into HD Ad vectors.!! The system applied a similar two-vector 
strategy with the AAV LTR transgene cassette and Rep78 genes on separate gutless 
vectors, HD-AAV and HDalat-Rep78, respectively. The gutless Ad constructs con- 
sisted of the terminal cis-acting regions of the Ad genome (ITRs and w) together with 
the transgene cassette(s), as well as additional inert stuffer sequences, to bring the vec- 
tor genome size above the efficient packaging size threshold (>27 kb).*> Large-scale 
production of HDalat-Rep78 generated titers of 3x 10° iu from 5 x 107 cells, indicat- 
ing 50-100 Rep-expressing viruses per cell could be produced. This HDalat-Rep78 
virus expressed Rep78 selectively in hepatic cells (Hep3B). Rescue of the AAV-LTR 
transgene cassette from HD-AAV into infectious AAV particles was observed upon 
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coinfection of Hep3B cells with HDalat-Rep78 and wild-type Ad2 helper. No AAV 
rescue was detected upon elimination of any of the three vector components, demon- 
strating the functionality of each component. Coinfection of HD-AAV with HDalat- 
Rep78 into a number of cell lines of hepatic origin showed stable integration of the 
AAV transgene cassettes into the host cell genome specifically at AAVS1, by nested 
PCR analysis, southern blotting and integration site junction sequencing.!!° FISH 
studies on HepG2 cells infected with both vectors demonstrated targeted integration 
to AAVS1 in 14 of 39 (35%) metaphases analyzed. In the absence of the Rep78 vec- 
tor only one integration in chromosome 19 was observed in 34 metaphases analyzed 
(3%). Hence, the study by Recchia and colleagues demonstrates that Rep78 expres- 
sion increases the targeted integration of AAV-ITR-flanked DNA without affecting the 
overall integration frequency in cells of hepatic origin.'!> In contrast to other studies 
on 293 cells,!!?:!!7:!!8 however, Rep78 did not increase the stable transduction effi- 
ciency on the hepatic cell lines investigated, which was believed to be due to cell type 
effects.!!> The next advance in this study will be incorporation of both cassettes into 
a single HD Ad vector. This will be much more complex than originally perceived 
considering the action of Rep78 on the AAV cassette, especially in the high copy num- 
ber context of adenovirus production. Additionally, considering the Rep independent 
processing of the AAV ITR cassette, the fate of the cassette at high copy number in the 
producer cells would be of great interest. 


3.5.2 Generation of Mini-Ad/AAV Hybrid Vectors by in vitro 
Hybridization 


Inverted repeat (IR) sequences inserted into first-generation Ad vector genomes were 
recently reported to mediate precise genomic rearrangements resulting in vector 
genomes devoid of all viral genes but which were efficiently packaged into functional 
Ad virions.'!? These genomes were generated by a trans-recombination between two 
Ad genomes exchanging sequences either side of the IR regions. Hence two species 
are generated, firstly, a small genome containing only the transgene cassette flanked 
on both sides by precisely duplicated IRs, Ad packaging signals (w) and Ad ITRs (Fig. 
8). Secondly, a larger genome is generated containing the transgene cassette flanked 
by the IRs and also the rest of the Ad genome (Fig. 8). The presence of the Ad packag- 
ing signal only in the mini-genome product meant that only this form could be pack- 
aged, whereas the larger genome just facilitated helper functions. Application of this 
precise recombination mechanism to generate mini-Ad genomes deleted of all viral 
genes could minimize the immunogenicity apparent with first generation vectors. By 
modifying the IR regions to increase the efficiency of recombination, further selection 
for the recombinant mini-genomes could be achieved.'!? The mini-Ad virions could 
be efficiently separated on CsCl gradients by buoyant density, with great resolution 
from the larger helper viral genomes enabling efficient purification. 

The generation of the recombinant mini-Ad genomes was very efficient (~5 x 10+ 
genomes per cell) and did not depend on the sequences within or adjacent to the 
IRs.!'° The mini-Ad vectors efficiently infected cultured cells with the same effi- 
ciency as first generation vectors. However, in the absence of any vector selection in 
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Fig. 8 Generation of mini-Ad genomes by recombination between inverted repeat (IR) 
regions. The presence of IR regions in adenoviral cassettes enables precise recombinations 
between different Ad genomes within the IR regions. This recombination generates mini-Ad 
genomes with the precisely replicated IR cassettes being flanked at either end by Ad ITR 
and W sequences. A second, much larger, recombinant species is also generated which also 
contains a precisely replicated IR cassettes but is flanked on either side by the rest of the 
adenoviral genome. This larger recombinant, as well as being of a size non-packable into 

an adenoviral virion, also lacks the Ad ¥ and hence is not packaged. Whereas the smaller 
mini-Ad genomes can be efficiently assembled into adenoviral particles assembled by the 
larger genomes helper functions. 


the cell (episomal replication or integration), transgene expression was only transient 
(~7 days) due to the instability of the deleted genomes within transduced cells. 

Lieber and colleagues further developed the system to incorporate AAV cassettes 
into a hybrid vector system.!!? The AAV ITRs flanking the transgene cassette were used 
as the IRs to mediate the recombination event, as well as stimulating transgene inte- 
gration into the host genome of transduced cells. The Ad-AAV vectors efficiently gen- 
erated mini-genomes by IR recombination as by-products of first-generation Ad-AAV 
vector amplification. The mini-genomes containing only the transgene flanked by 
AAV ITRs, Adys, and Ad ITRs could be efficiently assembled in Ad capsids and puri- 
fied to high titers and purity. The mini-Ad-AAV hybrid vectors transduced cells with 
efficiencies comparable to AAV, but were less efficient than conventional Ad vectors 
due to elevated particle to infectious unit ratios.!!° Since the hybrid mini-vectors con- 
tained no cytotoxic viral genes, the hybrid virus could be applied at very high MOIs 
to increase transduction rates. The AAV transgene cassettes randomly integrated into 
the host cell genomes as head-to-tail concatemers, as shown by southern blot analysis 
and pulsed-field gel electrophoresis. 

Amplification of Ad-AAV hybrid vectors in 293 cells routinely yielded final mini- 
Ad-AAV genome titers of 5x10!? genomes per ml, or ~10* packaged genomes per 
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293 cell, comprising 10% of the total number of adenoviral virions.!!° The 5.5kd 
mini-Ad-AAV hybrid vectors which contain two Ad packaging signals were, however, 
packaged approximately fivefold less efficiently than the corresponding full-length 
genomes.!!? These results are compatible with the published observations that Ad 
vector genomes of less than 27kb package with much reduced potentials compared 
to full-length genomes.* Additionally, contamination of mini-Ad-AAV hybrid vector 
preparations with the parental Ad-AAV hybrid vector was less than 0.1%, consistent 
with conventional gutless Ad purification.!* The efficiency of vector production mea- 
sured on a genome-per-cell basis was reported to be comparable or higher than the 
labor-intensive techniques for AAV production. The transducing titers expressed as 
neomycin-resistant colonies per milliliter were 9x 10° for AAV and 2.5 x 108 for the 
mini-Ad-AAV hybrid vector.!!° These results present significant clinical promise for 
mini-Ad/AAV hybrid vectors in the clinic. 


4. Conclusion 


The establishment of hybrid Ad vectors incorporating the advantageous properties 
of other viruses greatly expands their therapeutic potential. In the early 1990s, after 
the initial decade of proof-of-concept for Ad-mediated gene therapy, the main focus 
was on limiting the immunogenicity of the vectors to enhance transgene expression. 
Further restricting the expression of the highly immunogenic late viral transcripts by 
E4 deletions or by complete deletion of all viral genes in the gutless vectors notably 
enhanced transgene expression.!!~!3-35 However, complete ablation of immunogenic- 
ity is restricted by the highly inflammatory nature of the Ad particles themselves, in 
the absence of viral expression. While suppression of specific immune responses can 
counter these effects to some extent, in many disease states where the immune system 
is already compromised, this rationale is not ideal. Pseudotyping the Ad vectors with 
alternative surface moieties does, however, offers great potential. Firstly, novel surface 
structures can be introduced which can reduce the immunogenicity of the viral par- 
ticles by either shielding or replacing the highly immunogenic wild type structures. 
Future research may permit the complete replacement of the viral external domains 
with immune-tolerated surface structures. Secondly, the introduction of new target- 
ing ligands will enable selected infection of desired tissue populations, limiting the 
required vector doses. Additionally the avoidance of infection of non-targeted tissues, 
specifically cells of the immune system, will negate potentially immunogenic signal- 
ing which the vectors can initialize upon receptor docking. 

It is now well accepted that the immune system is not the major limiting factor in 
the transient expression attained from Ad vectors. The absence of a specific mecha- 
nism of long-term retention of the viral genomes in infected cells is critical. As pre- 
sented at the start of this chapter, the rapid lytic life cycle of wild type adenoviruses 
does not require long-term persistence of the genomes. Adenovirus infection, genome 
replication, virion packaging and lysis of the host cell are generally completed within 
48h. While these properties have proved highly beneficial in the area of vector produc- 
tion, they do not aid in vivo stability. By combining the long-term stable persistence 
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mechanisms of other viral systems into the Ad vectors, the efficacy of Ad-mediated 
gene therapy has been significantly enhanced. 

A number of mechanisms are presented in this chapter for the combination of ade- 
noviral and retroviral vectors. Initial applications utilized Ad vectors to deliver RV 
packaging functions to producer cells in vitro, in attempts to increase the efficiency 
of RV production. From these initial studies the potential of the hybrid Ad/RV vec- 
tors for the establishment of RV producer cell in vivo was realized. As producers of 
RV packaging cells in vitro the Ad/RV hybrid vector system has a number of advan- 
tages over conventional packaging cell lines. RV titers generated from transient plas- 
mid-transfected producer cells are generally several orders of magnitude lower than 
the best stable clones.’ Therefore, as the Ad/RV hybrid system has been demonstrated 
to generate RV titers of the same orders of magnitude as conventional producer cells, 
it bypasses the need to isolate clonal populations and makes scaling up production 
more manageable. The requirement of GMP screening for replication-competent ade- 
noviruses (RCA), as well as RCR, would however be a concern. The separation of the 
different retroviral components on separate viruses, as well as limiting the potential of 
RCR, also makes pseudotyping very simple. For instance, in the treatment of specific 
tissues, an envelope gene best suited for tropism to that tissue can be easily incorpo- 
rated into the vector system. The separation also enables characterization of individual 
RV components. Application of the individual Ad/RV hybrid vectors at varying MOIs 
enables study of the RV production at varying copy load. Additionally, as different 
target tissues have been well documented to have different potentials as RV producer 
cells, the hybrid Ad/RV system enables the rapid screening of tissues for their suitabil- 
ity as RV producer cells. However, this measure of suitability is also influenced by the 
susceptibility of the cells to Ad transduction. Understanding the effects of saturating 
RV components could allow us to determine what factors need to be further regulated 
in future hybrid vectors to enable enhanced RV production both in vitro and in vivo. 
Elucidation of host factors vital to efficient assembly of RV particles would be very 
valuable. In future vectors, these host factors could be codelivered or upregulated to 
enhance RV titers. 

One major question is: what advantages does the hybrid Ad/RV-vector system 
have over conventional Ad or RV delivery? The ability to establish RV producer cells 
in vivo following Ad infection is a major step forward in gene therapy. Previous meth- 
ods of ex vivo transduction with retroviral vectors and re-implantation are laborious 
and inefficient. Vector spread is limited by the restricted migratory properties of the 
re-implanted cells. Application of the hybrid Ad/RV vector enables a non-invasive 
therapy with the enhanced distribution and infectivity in target tissues. The subsequent 
local release of retroviral particles following adenoviral transduction also tackles the 
problem of inserting high levels of vector deep into the middle of tissue or tumor 
masses, rather than to just the peripheral layers. The major advantage over conven- 
tional Ad vectors is the establishment of a stable population of transgene-expressing 
cells in the surrounding tissues, through RV integration, following the initial transient 
Ad transduction. This permanency of therapeutic transgene has major implications in 
the clinic, specifically for the treatment of inherited diseases. The separation of the RV 
genes, as well as the introduction of additional regulatory elements carried on separate 
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rAds, instils a multiple-vector transduction strategy. Vector systems involving more 
than one vector are limited by codelivery kinetics. The greater the number of individ- 
ual vectors, the lower the probability that a cell will receive the full vector repertoire to 
allow retroviral production to occur. Therapeutic transgene expression can, however, 
proceed from the adenoviral vector itself, initiating an initial boost of gene expres- 
sion, followed by a secondary level of sustained expression in RV transduced cells. 
Currently, however, the secondary phase of RV expression is much reduced compared 
to the initial Ad-mediated expression. This would minimize the sustained therapeutic 
effect of the vector system. Nevertheless this hybrid Ad/RV-vector system has great 
potential for the treatment of genetic disorders. 

The dual transduction properties of the Ad/RV hybrid vector also present the pos- 
sibility of combinatory gene therapy where the Ad and RV portions of the vector 
provide different therapeutic effects. This mechanism could have specific advantages 
to the treatment of cancer. The initial Ad transduction could act to initially immuno- 
stimulate the tumor mass, aiding a break in tolerance by drawing in immune effector 
cells and initiating “danger signal.” The secondary RV transduction could deliver a 
cytoreductive transgene aimed at tumor cell killing, to eliminate tumor tissue and fur- 
ther immunostimulate the tumor environment. A major limitation of the system is the 
requirement of active cell division in neighboring cell populations to enable RV trans- 
duction. Hence, inserting a gene in the Ad vector, separate from the retroviral cassette, 
could trigger cell division of neighboring tissues so that they become fully receptive 
to the subsequently available retrovirus. An alternative strategic context of application 
could be applied to tumors, where the actively dividing tumor tissue is generally sur- 
rounded by virtually quiescent normal tissue. Utilizing a highly regulated cytotoxic 
gene, under the control of an inducible or tissue-specific promoter system, the primary 
Ad infection would enable production of retroviral particles which in theory would 
selectively infect dividing tumor cells. Subsequent cytotoxic gene expression could, 
to some extent, restrict cell killing to tumor cells. 

Ad-mediated delivery of an excisable closed circular RV cassette that can subse- 
quently be integrated into the host genome would be of great value to gene therapy 
in the clinic. The system provides the potential to direct stable transgene expression 
in each primarily Ad-infected cell. This would be a significant advance on the previ- 
ous Ad/RV hybrid system, where secondary RV transduction is extensively reduced 
compared to the primary Ad transduction. Although the closed circular form is not the 
primary substrate for retrovirus integration, in the absence of the wild-type substrate, 
INT has been demonstrated to integrate such structures into the host genome. While 
the efficiency of such a system has still to be addressed, further elaboration of the 
integration mechanism could enable increased affinity of the RV machinery for closed 
circle LTR proviral forms. The system would also have the potential of combinatory 
gene therapy by the inclusion of transgene cassettes within or outside the integrating 
RV cassette. Transgenes outside the excisable cassette would provide transient expres- 
sion for the duration of the Ad genome retention in infected cells. The integrated cas- 
sette could provide stable expression for the lifetime of the cell. The major advance of 
this system will come from the development of highly regulated expression systems 
that can completely silence Cre expression. Silencing of Cre recombinase expression 
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would enable assembly of all the vector components into a single gutless HD Ad 
vector. Although the system proposed by Wang and colleagues”? goes some way to 
prevent expression, the system is still leaky and restricts therapeutic application to 
hepatic tissue. 

The alternative strategy of maintaining a Cre-excised circular molecule by utiliz- 
ing the EBV episomal replication system provides another potentially powerful gene 
therapy vector, providing many of the advantageous properties detailed above. The 
Ad/EBV hybrid system would again require absolute control of Cre expression to 
combine all the components into a single vector. One limitation of this system is that 
EBNA-1 gene expression would have to be permanently maintained in the host cell, 
which could involve long-term cell regulatory or immunological problems in vivo. 
Conversely, the integration mechanism only requires transient expression of INT to 
facilitate integration, and the transgene cassette is then maintained in the context of 
host cell chromosome replication. While the EBV replicon has the advantage of avoid- 
ing integration-related shutdown of transgene expression, other cellular factors are 
believed to be involved in the eventual loss transgene expression. EBV retention in 
human cells has been deemed limited and lost with time.!7°:!?! Without drug selection, 
plasmids carrying the EBV elements are lost from human cells at rates of between 1% 
and 5% per generation. !?? 

The Ad/AAV hybrid vector system provides a powerful mechanism of maintained 
transgene expression by integration or episomal replication. The system also provides 
the potential of predictable integration at a specific locus in the human genome in 
the presence of Rep78. The establishment of targeted integration strategies introduces 
valuable safety features into a gene therapy protocol. This advantageous property of 
integration also carries with it the potential hazard of insertional mutagenesis and 
the risk of activating cancer oncogenes in vivo. Although there are limited literature 
reports on the impact of such phenomena in a gene therapy protocol, as vector technol- 
ogy increases and the efficiencies of integration in human tissues are potentiated these 
effects could become more significant. However, even in the context of the targeted 
integration of AAV, the exact phenotype of integration at chromosome 19q13.4, as 
well as the activity of genes integrated at such a loci are still to be determined. 

The generation of the mini-Ad/AAV hybrid vectors enables the high titer purifica- 
tion of adenoviral particles deleted of all the Ad genes, analogous to the HD rationale. 
The mechanism of preparation and purification, however, appear to be simpler. The 
Ad/AAV hybrid vector is applied to the producer cells as an Ad, which also supplies 
the helper functions. This bypasses the necessity of HD plasmid transfection and sub- 
sequent serial passage to enhance titers to enable purification from the contaminating 
helper virus. The extensive size difference of the derived mini-Ad/AAV genomes, from 
the parental Ad/AAV genomes, also enables more efficient purification by buoyant 
density on CsCl gradients. Additionally, any contaminating parental vector will be a 
functional Ad/AAV hybrid vector. The biological stability of these mini-adenoviruses, 
both in terms of particle stability outside the cell and genome stability within the cell, 
still needs to be addressed. Nevertheless, considering the integration of the ITR AAV 
cassettes, the mini-Ad genome stability is not as important. Additionally although 
the transduction efficiency of the mini-Ad particles is similar to AAV, the ratio of 
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total particles to infectious virions is enhanced, limiting their efficiency compared to 
conventional Ad vectors. The vector is also limited in terms of codelivery of the rep 
gene, which unlike the HD vectors cannot be easily incorporated into the same vector. 

HSV-based hybrid vectors have also been well reported in literature, presenting a 
number of advantageous properties over the described Ad-based systems. The develop- 
ment of the HSV-1 amplicon technology and helper-free packaging systems has made 
HSV-based vectors a very promising clinical tool for gene therapy.°? The large insert 
capacity of the amplicons (15 kb) and the concatemer-styled packaging, with up to 10 
genome copies per virion introduces powerful features to gene therapy vectorology.”° 
HSV vectors, like Ads, have tropism for most cells in the human body, but have par- 
ticular affinity neuronal tissues. The HSV-1 based amplicons do not, however, retain 
the episomal maintenance functions of the parental herpes viruses and thus, as with 
Ad vectors, the genomes are rapidly lost in dividing cells. Hence, hybrid technology 
has been investigated to enhance the expression from HSV amplicon vectors. As with 
the Ad/AAV hybrid system, the presence of an AAV ITR-flanked cassette in the HSV 
amplicon vector can promote both extrachromosomal amplification and integration of 
the transgene cassette into the host genome. The HS V/AAV hybrid vector system has 
been demonstrated to stably transform dividing cells for over 25 passages in culture. 1? 
Hepatic transduction in vivo with an HSV/AAV hybrid vector supported gene expres- 
sion in vivo for considerably longer periods than traditional HSV-1 amplicons, with 
minimal toxicity and immunogenicity.!!’ An additional feature of the HSV/AAV stud- 
ies was the placement of the Rep gene under the control of its own promoter, as liter- 
ature has reported potential downregulation feedback inhibition of transcription when 
rep levels increase.'** Thus the natural expression machinery of rep is utilized to regu- 
late its expression. Compared to Ad vectors, the HSV amplicon vector titers are limited 
(107 to 108tu/ml). Increased copy number can compensate for reduced titers in some 
fields of gene therapy, although for many corrective genetic therapies higher transduc- 
tion efficiencies from higher titer viral applications may prove more efficacious. The 
reduced immunogenicity of the HSV-1 amplicons is, however, a major advantage over 
Ad vectors. Other hybrid vectors have also combined RV and EBV functions within 
the HSV-1 amplicons, which also have great potential as gene delivery vectors. !20.!2!.!25 

The development of hybrid viral vector systems has thus revolutionized the way 
gene therapy vectors are conceived. The combination of the advantageous properties 
of different vectors goes some way to establishing a vector system approaching the 
ideologies of a perfect gene transfer vehicle. The technologies are, however, in their 
infancy and many factors need to be elucidated before the full potentials of the vectors 
can be achieved. In essence, further detailed elucidation of the viral life cycles and 
their interactions with host cell factors is necessary. Understanding these factors will 
allow vectors to be developed which can interact with the host cellular machinery to 
facilitate long-term stable gene expression. Future “hybrid” vectors will be developed 
quite distinct from the currently perceived parental vectors. Virtually synthetic viral 
vectors will be established with predictable biological properties, which can effect 
desired clinical functions. The vast array of clinical phenotypes and biological proper- 
ties of target tissues involved in human disease will, however, require a wide spectrum 
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of clinical vectors, fashioned to specific disorders. Nevertheless, the current advances 
in the development of hybrid viral vector technology. 
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1. Introduction 


Invention of novel vectors for gene delivery into a host has garnered great interest 
among the scientific community. The foremost applications for gene delivery include 
the development of vaccines and therapeutics for several infectious or genetic diseases 
and cancers. For the success of a gene delivery platform, the two most important 
criteria are safety and efficiency. A tremendous increase in the knowledge of molec- 
ular biology, genomics, proteomics, and immunology from 1980 to 2014 has allowed 
remarkable progress in recombinant DNA technology, which has greatly influenced 
the development of novel vector systems both viral and nonviral. 

While clinical trials for gene therapy and vaccine applications have seen utilization 
of both viral and nonviral vectors, a significant majority of clinical trials have relied 
on viral vectors primarily due to the following reasons: (1) Viral vectors are naturally 
well adapted to infect the host due to the coevolution of viruses and host, thus enabling 
efficient delivery of the target gene into host cells; (2) Expression of the antigen in 
host cells allows for the presentation of antigenic peptides on MHC class I resulting in 
stimulation of cellular immune response; (3) Some viral vectors can infect antigen-pre- 
senting cells such as dendritic cells and macrophages allowing for direct presentation 
of antigenic peptides on both MHC class I and MHC class II and (4) Viral proteins 
themselves can act as immune stimulants providing a strong adjuvant effect which 
can boost the immune response to the antigen.! The most commonly used viral vec- 
tors in clinical trials are based on adenoviruses (AdVs), retroviruses, poxviruses, and 
herpesviruses. Of all gene therapy clinical trials, AdV vectors are currently the most 
commonly used gene delivery platform (http://www.abedia.com/wiley/vectors.php). 

AdVs were first isolated more than 60 years ago from human adenoid tissues under- 
going spontaneous degeneration in tissue culture. Although the first evaluation of 
AdVs as an antitumor agent dates back to 1956,° it was not until the advent of recom- 
binant DNA technology during the early 1980s that the therapeutic potential of AdVs 
was recognized, and AdV vectors were first developed. Since then, AdV biology has 
been studied thoroughly, and AdV vectors have been greatly optimized for various 
applications including vaccine vectors, gene therapy, oncolytic cancer therapy, and 
cancer immunotherapy. 
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AdVs are nonenveloped viruses with icosahedral capsids varying in size from 70 
to 90nm with the dsDNA genome ranging from 26 to 46kb.’ AdVs are classified 
under the family Adenoviridae, which is further divided into five genera: Mastadeno- 
virus, Aviadenovirus, Atadenovirus, Ichtadenovirus, and Siadenovirus.® The currently 
known 57 serotypes of human AdVs (HAdVs) encompass species A through G based 
on genome sequence.’ AdV capsids are primarily composed of the major capsid pro- 
teins, the hexon, the fiber, and the penton base which determines the tropism and 
immunogenicity of the virus. The relatively less abundant proteins in AdV capsids are 
called minor capsid proteins and include the core proteins (Tp, V, VI, and mu) and the 
cement proteins (IIIa, VI, VIII, and IX). Depending on the species type, AdVs use a 
variety of receptors for cell entry and include the coxsackievirus-adenovirus receptor 
(CAR), CD46, VCAM-1, CD80, CD86, heparin sulfate proteoglycans, desmoglein-2, 
and others.!°!! 


2. Advantages of Adenovirus Vectors 


AdV-derived vectors fulfill many of the desirable features of a gene delivery platform. 
Although AdVs are known to infect a wide range of species, they rarely cause a serious 
disease in an immune-competent host. Most HAdVs are associated with self-limiting 
disease in humans and may manifest as mild upper respiratory tract infections, con- 
junctivitis, gastroenteritis, or ear infections, depending on the HAdV species involved. 
In most instances, the severity of the disease is a function of the host’s immune func- 
tion.’ Their relatively innocuous nature makes AdVs particularly suitable for develop- 
ing into a safe vector system. AdV vectors offer several other advantages including (1) 
the ability to infect a wide range of dividing and nondividing mammalian cells; (2) a 
robust transgene expression that can be restricted to a specific tissue by employing a 
tissue specific promoter; (3) the fact that they are easy to generate and can be grown 
to high titers; (5) their inability to integrate into host genome with a minimal risk 
of insertional mutagenesis; (6) the induction of strong humoral and cellular adaptive 
immune response to the transgene; and (7) strong activation of the innate immune 
response to provide an adjuvant effect that can potentiate booster immunity and may 
be desirable in vaccine applications. !? 


3. Preexisting Adenovirus Immunity 


Among the known HAGV serotypes, the biology of the subgroup C serotype HAdV-5 
is the most thoroughly studied; therefore, HAdV-5-derived vectors were the first to 
be evaluated in preclinical studies. The HAdV-5 vectors show great promise for gene 
delivery due to extremely strong transgene expression, a highly optimized system for 
production and preparation on a large scale, and their ability to induce strong humoral 
and cellular immune responses in nonhuman primates as well as in rodents.!*:'+ As 
a result, the majority of the initial clinical studies involving AdV vectors rely on 
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HAdV-5 vectors.'> The high prevalence of preexisting AdV immunity in humans has 
been noted as a major concern in the success of HAdV-5 vectors in clinical studies. 

The development of preexisting AdV immunity is mainly due to exposure of 
a majority of the human population worldwide to one or more HAdV serotypes 
from natural infections resulting in strong anti-HAdV humoral and cellular immune 
responses.!®!9 Given that the natural exposure to HAdVs can be highly variable, 
the level of preexisting AdV immunity is expected to vary among individuals and 
human populations making the efficacy of HAdV vectors in clinical trials unpre- 
dictable. The high immunogenicity of AdV vectors implies that a first inoculation 
with an AdV vector will result in AdV serotype-specific immune responses that 
will preclude subsequent use of the same AdV serotype. Thus, high efficacy of any 
single AdV serotype is not expected even in individuals lacking preexisting AdV 
immunity. 

The humoral immune response to HAdVs consists of both neutralizing and non- 
neutralizing antibodies.2° Although the anti-HAdV-neutralizing antibodies (nAbs) 
targeting the three major capsid proteins, hexon, penton, and fiber, have been con- 
firmed,?!:?? the anti-hexon nAbs are the most significant in vector neutralization. The 
major epitopes for anti-hexon nAbs are located in the exposed loops, also known as 
hypervariable regions, located on the surface of the virus particle.” The nAbs bind 
to the AdV vector in the blood, preventing its binding to the cell surface and subse- 
quent internalization, thus resulting in rapid clearance from the host. The end result 
is a drastic reduction in transgene expression and an induction of transgene-specific 
immune responses. Such blunting of the efficacy of HAdV-5 vectors in the presence 
of preexisting immunity has been demonstrated by generating artificial serotype-spe- 
cific immunity in animals preinoculated with HAdV-5.7*° The nonneutralizing, but 
cross-reactive, anti-HAdV antibodies are generated after repeated administration or 
infections with the same AdV serotype.” The nonneutralizing antibodies can also sig- 
nificantly reduce the transgene expression through Fc receptor-dependent and -inde- 
pendent mechanisms resulting in poor efficacy of the AdV vector.’ 

The cellular component of preexisting AdV immunity consists of both CD4* and 
CD8* T cells that are highly cross-reactive and widely prevalent in human popula- 
tions.” The epitopes recognized by anti-AdV T cells are located primarily in the 
hexon and are highly conserved among various HAdV serotypes,” implying that 
exposure to a single HAdV serotype may hamper the efficacy of other HAdV sero- 
types. Studies have revealed that HAdV-5-specific T cells are prevalent in 80-100% 
of human subjects from Europe and the United States.?>3435 More importantly, 
HAdV-specific T cells may be prevalent even in the absence of nAbs.?®35 The pres- 
ence of vector-specific CD8 T cells causes cytolysis and elimination of the vec- 
tor-transduced cells, while the CD4* T cells will potentiate the humoral immune 
response to the vector. 

In addition to the development of adaptive immune responses, AdV vectors 
can also induce an immune activation characterized by overproduction of proin- 
flammatory cytokines, chemokines,*°~** high levels of type I interferons (IFNs),*° 
complement activation, and phagocytosis.*°~*? The pattern recognition receptors 
(PRR) involved in the recognition of AdV vectors receptors include Toll-like 
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receptors (TLR) 4 and 9, nucleotide-binding oligomerization domain-like recep- 
tors, Factor X, and retinoic acid-inducible gene 1.°+ Binding of AdVs to PRR 
results in the activation of downstream signaling pathways such as NF-KB culmi- 
nating in the production of proinflammatory mediators including tumor necrosis 
factor alpha (TNFa), IL-1, IL-6, IL-8, IL-10, IL-12, IFN-y, granulocyte col- 
ony-stimulating factor, macrophage inflammatory protein (MIP)-1a/ß, IP-10, 
RANTES, and monocyte chemoattractant protein-1.78-+! The AdV-induced innate 
immune response may be beneficial for targeted cancer gene therapy and vac- 
cine applications where the goal is to eliminate the AdV vector-transduced cells 
and generate a robust immune response. However, activation of innate immune 
responses can result in rapid destruction of AdV-transduced cells, thus reducing 
the transgene expression. Furthermore, intravenous inoculations of large doses 
of AdV vectors can also have life-threatening consequences mediated by strong 
activation of innate immune reactions.** 

The tremendous potential of AdV vectors is hampered by the immune responses 
to AdVs. For the success of these vectors, it is critical to understand thoroughly the 
underlying mechanisms. Several strategies have been developed to circumvent the 
preexisting immunity and minimize the innate immune reactions to AdVs. They can 
be broadly classified into either genetic or chemical modifications. The genetic mod- 
ifications include hexon pseudotyping, hexon HVR swapping, fiber pseudotyping, 
fiber truncation, use of alternative trimerization motifs for fiber, and the use of vectors 
derived from rare HAdV serotypes or nonhuman AdVs.!2+>~8 The chemical modifi- 
cations include derivation of AdV vectors with polyethylene glycol or cationic poly- 
mers such as poly-L-lysine, N-[2-hydroxypropyl] methacrylamide, arginine-grafted 
bioreducible polymers, coating of AdV vectors with cationic liposomes, and lipidic 
envelopes. 146-47 This review will focus on AdV vectors derived from nonhuman AdVs. 


4. Nonhuman Adenovirus Vectors 


The idea of developing vectors derived from nonhuman AdVs is based on the premise 
that nonhuman AdVs are less prevalent and consequently will have lower seropreva- 
lence among human populations. Similar to the HAdVs, the nonhuman AdVs do not 
cause serious disease in their natural host. Preexisting immunity to nonhuman AdVs 
can be expected only in their natural hosts. In addition, the overall genome organi- 
zation and structural features of nonhuman AdVs are not vastly different from the 
HAdVs; vector design strategies and techniques used in working with HAdV vectors 
could, in principle, be applied to the nonhuman AdV vectors. The initial impetus for 
developing nonhuman AdvV vectors was seen in the early 1990s when the limitations 
of HAdV vectors were starting to become evident. Since then gene expression vectors 
based on various species of nonhuman AdVs have been constructed and extensively 
characterized. These include simian AdV serotypes (SAdVs), bovine AdV serotype 3 
(BAdV-3), porcine AdV serotypes 3 and 5 (PAdV-3 and PAdV-5), ovine AdV serotype 
7 (OAdV-7), canine AdV serotype 2 (CAdV-2), murine AdV serotype 1 (MAdV-1), 
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and fowl AdV serotypes (FAdVs). In this review, various aspects of these nonhuman 
AdV vectors including strategies for construction, types of vector/s, genome organi- 
zation (Figure 1), insertion sites, foreign gene insertion capacity, receptors, tropism, 
impact of preexisting immunity, and preclinical and clinical studies will be discussed. 
Examples of nonhuman AdV-based vectors as gene delivery vehicles for recombinant 
vaccines or gene therapy applications are shown (Table 1). 


4.1 Simian Adenovirus Vectors 


The first SAdV vector developed was a chimpanzee AdV (chAdV)-based vector 
derived from chAdV-68 (SAdV-25) by homologous recombination of a shuttle vector 
and vector genome in the 293 cell line expressing HAdV-5 early region 1 (E1) proteins. 
It appears that the E1 of chAdV-68 is closely related to the E1 of HAdV-5 and thus 
allows for efficient replication of the El-deleted chAdV-68.*? This similarity offers 
two advantages: (1) there is no need to create cell lines expressing E1 from a chAdV 
and (2) there is less chance of vector contamination with a replication-competent AdV 
due to variation in the common sequences of the chAdV-68 vector and HAdV-5 E1. In 
addition, there are substantial variations in the hypervariable region within the hexon 
sequence of chAdV-68 and several HAdVs. Given that the hypervariable regions of 
the hexon carry the type-specific epitopes for HAdV-neutralizing antibodies,>° it is 
not surprising that chAdV-68 is not cross-neutralized by HAdV preexisting immunity. 

The AB loop within the knob domain of chAdV-68 fiber, which mediates bind- 
ing of CAR-binding HAdV serotypes, is identical to HAdV-4 and is very similar to 
HAdV-2, HAdV-5, and HAdV-12, thus explaining the observation that CAR serves as 
a receptor for chAdV-68.°! Other chAdVs such as chAdV-6 (SAdV-23) and chAdV-7 
(SAdV-22) are closely related to subgroup E HAdVs; chAdV-68°" may possibly use 
CAR as a receptor for cell entry. The chAdV-1 (SAdV-21), which is more closely 
related to subgroup B HAdVs, utilizes CD46 as a receptor for cell entry.>? It is con- 
ceivable that the tropism of chAdV vectors utilizing CAR or CD46 as receptors would 
be similar to the CAR or CD46 binding HAV serotypes. 

Depending on the E1 deletion with or without early region 3 (E3) deletion, the 
chAdV-68 vectors allow for transgene lengths of up to 5000 or 1600 bp respectively, 
without significant decreases in virus yields or virus particle-to-PFU ratios compared 
to smaller size transgenes.>* The E1- and E1/E3-deleted chAdV-68 vectors are compa- 
rable in terms of the level of transgene expression and induction of transgene-specific 
CD8* T cell response. However, incorporation of an E4 deletion results in decreased 
transgene expression and CD8* T cell response. Interestingly, the level of protein 
expression by the chAdV-68 vector seems to be a function of transgene length. A 
chAdV-68 vector expressing simian immunodeficiency virus (SIV) gag alone resulted 
in much higher protein expression than a vector expressing SIV gag—pol or SIV gag- 
pol-nef fusion proteins, and, consequently, resulted in a higher gag-specific CD8* 
T cell response.™ It is likely that the competition of peptides for the MHC class I 
peptide-binding site decreased the overall magnitude of immune response to gag. 
Thus, even though the chAdV-68 vectors are capable of incorporating large inserts, 
the choice of transgene length should be carefully evaluated. 
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SOA MDV-gp 16 
Figure 1 Simplified depiction of gene arrangements of simian adenovirus (AdV) (chAdV- 
68), bovine AdV (BAdV-3),! porcine AdV (PAdV-3),2°! canine AdV (CAdV-1),!54 ovine 
AdV (OAdV-7),® murine AdV (MAdV-1),° and avian AdV (FAdV-1)4!9° compared to human 
AdV (HAdV-5).° The conserved genes are indicated with black arrows. The early regions (E) 
1 (E1), E3, and E4 are depicted with black boxes, respectively; however, the variable features 
of E1, E3, and E4 regions in various AdVs are not shown. The unique genes are shown with 
dark or light gray arrows. The maps are not at scale. “Roy S, Gao G, Clawson DS, Vandenber- 
ghe LH, Farina SF, Wilson JM. Complete nucleotide sequences and genome organization of 
four chimpanzee adenoviruses. Virology 2004; 324:361-72. 
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Preexisting immunity. The chAdVs show great potential as gene therapy and vac- 
cine vectors and are the only nonhuman AdV vectors that have progressed to clinical 
trials to date. The chAdVs have little to no seroprevalence in the human population 
worldwide which makes them suitable vector candidates for use in humans.°>>° In 
the hexons of chAdV and HAdVs,>” there is very little sequence similarity in the 
hypervariable region, which is the location of the major neutralization determinant, 
suggesting that the chAdV can circumvent preexisting immunity against HAdV vec- 
tors. A low frequency of nAbs against chAdV, ranging from 0 to 4% has been observed 
in humans in the United States, Europe, Thailand,°® and China,°?° whereas nAbs to 
HAV serotypes may reach up to 30-45% in these countries. Up to ~20% of sera from 
sub-Saharan countries have been found to be positive for nAb against chAdV, whereas 
~60-80% sera are positive for nAb against HAdV serotypes.°*-°!- In Brazil, the sero- 
prevalence rates of chAdV nAbs are between 20 and 23%; HAdV nAbs were between 
40 and 70% depending on the serotype.!®°° Therefore, even though the seroreactivity 
to chAdVs is higher in sub-Saharan countries and Brazil than the rest of the world, it 
is still lower than that of HAdVs. 

Neutralizing antibody titers of >200 are considered to hamper the efficacy of AdV 
vectors®?; therefore, it is important to consider the titers of chAdV nAbs. As antici- 
pated, 10% or less of human sera with chAdV nAb had titers of >200, whereas about 
40% of the human sera positive for HAdV nAbs had titers of >200. The lower titers 
of chAdV nAbs, in combination with the lower overall seroreactivity compared to 
HAV serotypes, suggest that chAdV serotypes are less likely to suffer from preexist- 
ing immunity than HAdV serotypes. 

Immunological potential. The chAdV vectors belonging to group C of HAdV 
species have the highest immunogenic potential among all chAdV vectors.>’ In 
sub-Saharan Africa where the target population for endemic diseases such as human 
immunodeficiency virus (HIV), malaria, and tuberculosis exists, it is particularly 
important for a vaccine to have the ability to induce a CD8* T cell response. The 
most effective HAdV serotypes (HAdV-5 and HAdV-26) in generating a CD8* T cell 
response would be inefficient in these areas owing to modest to high levels of preex- 
isting immunity. The other HAdV serotype, HAdV-35, which has the least preexisting 
immunity worldwide, is not as effective as HAdV-5 and HAdV-26 in generating a 
CD8* T cell response in particular and overall immunogenicity in general. !°:65-66 


bKumin D, Hofmann C, Rudolph M, Both GW, Loser P. Biology of ovine adenovirus infection 
of nonpermissive cells. J Virol 2002; 76:10,882—93. “Hemmi S, Vidovszky MZ, Ruminska 

J, Ramelli S, Decurtins W, Greber UF, et al. Genomic and phylogenetic analyses of murine 
adenovirus 2. Virus Res 2011; 160:128-35. 4Marek A, Kosiol C, Harrach B, Kaján GL, 
Schlétterer C, Hess M. Vet Microbiol 2013; 166:250—56; and Harrach B, Benko M, Both GW, 
Brown M, Davison AJ, Echavarria M, et al. The Double Stranded DNA Viruses: Adenoviridae. 
In: King AMQ, Adams MJ, Carstens EB, Lefkowitz EJ, editors. Virus taxonomy: ninth report 
of the international committee on taxonomy of viruses. Waltham (MA): Academic Press: 
Elsevier; 2011. p. 125-41. °Chroboczek J, Bieber F, Jacrot B. The sequence of the genome of 
adenovirus type 5 and its comparison with the genome of adenovirus type 2. Virology 1992; 
186:280-85. 


Table 1 Examples of Nonhuman Adenovirus (AdV)-Based Vectors as Gene Delivery Vehicles for 


Recombinant Vaccines or Gene Therapy Applications 


Adenovirus (AdV) 


Simian AdVs 


chAdV-3, chAdV-63 
chAdV-6, chAdV-68 
chAdV-7 

chAdV-7 

chAdV-68 

chAdV-7 

PanAdV-3 

chAdV-7 


chAdV-63 
chAdV-63 
chAdV-63 
chAdV-63 
chAdV-3 
chAdV-3 


Bovine AdVs 
BAdV-3 
BAdV-3 


BAdV-3 
BAdV-3 


BAdV-3 
BAdV-3 





Vector Type 


E1, E3 deleted 
E1 deleted 
E1, E3 deleted 
E1, E3 deleted 
E1 deleted 
E1 deleted 
E1, E3 deleted 
E1 deleted 


E1, E3 deleted 
E1, E3 deleted 
E1, E3 deleted 
E1, E3 deleted 
E1, E3 deleted 
E1, E3 deleted 


E3 deleted 
E3 deleted 
E3 deleted 
E3 deleted 


E1, E3 deleted 
E3 deleted 





Insertion Site 


Pathogen/Cancer/Gene Therapy 


Simian immunodeficiency virus 

Human immunodeficiency virus 

Ebola 

Respiratory syncytial virus 

Rabies 

H5N1 influenza 

H5N1 influenza 

Severe acute respiratory syndrome 
(SARS) 

Human immunodeficiency virus 

P. falciparum 

P. falciparum 

P. falciparum 

Hepatitis C virus 

Colon carcinoma 


Bovine herpes virus-1 

Bovine herpes virus-1 

Bovine viral diarrhea virus 
Bovine respiratory syncytial virus 


A/Hong Kong/156/97 (H5N1) 
Bovine herpes virus —1 and bovine 
respiratory syncytial virus 


Antigen 


Gag 

Gag 

Env GP 
Fusion protein 
Glycoprotein 
NP 

NP-M1 fusion 
Spike protein 


HIVcons 
ME-TRAP 
AMAI 
MSP1 

NS 

CEA 


Glycoprotein D (gDt) 

gDt 

Glycoprotein E2 (gE2) 

Glycoprotein G (gG) 
and IL-6 

Hemagglutinin (HA) 

gG and gDt 





References 
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Porcine AdVs 


PAdV-3 
PAdV-3 


PAdV-3 
PAdV-3 
PAdV-5 


Ovine AdVs 
OAdV-7 


OAdV-7 
OAdV-7 
OAdV-7 


OAdV-7 


Canine AdVs 


CAdV-1 
CAdV-2 
CAdV-2 


Murine AdVs 
MAdV-1 
Avian AdVs 


FAdV-10 
FAdV-8 








E3 deleted 
E3 deleted 


E3 deleted 


E1, E3 deleted 
E3 deleted 


NA 
NA 
NA 
NA 


NA 


E3-deleted 
cRAd 
Gutless 


cRAd 


NA 
NA 





E3 
E3 


E3 


El 
E3 


Site I 
Site II 
Site III 
Site II 


Site III 


E3 


Near right ITR 
Near right ITR 


Classical swine fever virus 
Classical swine fever virus 


Pseudorabies virus (PRV) 


A/Hanoi/30408/2005 (H5N1) 
Transmissible gastroenteritis virus 


Hepatitis C virus 
Taenia ovis 
Human immunodeficiency virus 1 


Skeletal muscle gene therapy 


Prostate cancer 


Canine parvovirus 
Canine osteosarcoma 


Canine mucopolysaccharidosis VII 


Murine colon carcinoma 


Infectious bronchitis virus 
Infectious bronchitis virus 


gp55/E2 gene 

gp55/E2 gene (DNA/ 
PAdV-3) 

Glycoprotein D (gD) 

HA 

Spike protein 


Nonstructural protein 3 
(NS3) 

45W 

Gag 

Human alpha-1 anti- 
trypsin (hAAT) 

E. coli purine fludara- 
bine phosphorylase 
(PNP) 


Capsid 


Human GUSB 


mGM-CSF 


VP2 
Spike peplomer S1 
subunit (S1) 





136 
137 


138 


139 
141 


146 
147 
148 
150 


12: 


156 
161 
172-174 


189 


197 
199 





4Ondondo B, Brennan C, Nicosia A, Crome SJ, Hanke T. Absence of systemic toxicity changes following intramuscular administration of novel pSG2.HIVconsv DNA, ChAdV63.HIVconsv 


and MVA.HIVconsv vaccines to BALB/c mice. Vaccine 2013; 31:5594-601. 
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In HIV, both chAdV-derived vectors have markedly lower seroreactivity titers 
than HAdV-5, HAdV-26, and HAV-35 across populations in southern Africa, eastern 
Africa, central Africa, India, the United States, South America, and the Caribbean.” 
In addition, chAdV vectors result in the gag-specific CD8* T cell response and expres- 
sion levels of IFN-y, IL-2, and TNFa that are comparable to or better than those of 
the HAV serotypes at a wide range of doses.°’ The chAdV vectors are also found to 
induce the SIV gag-specific CD4* response better than HAdV-5.°7 

In addition, chAdV-3 is found to be as effective as HAdV-5 in boosting a DNA or 
a HAdV-28 primed SIV gag-specific CD8* T cell response.” A heterologous prime— 
boost regimen with chAdV vectors carrying the HIV-1 gag gene results in strong and 
robust CD8* T cells in various systemic compartments including the genital tract with 
intramuscular immunization within 2 weeks.®* Moreover, the CD8+ T cell response 
seems to be long lasting with the gag-specific CD8* T cell being detected in all sys- 
temic compartments for up to one year after immunization.®* These observations sug- 
gest that chAdV-based vectors can be used for developing vaccines against infections 
requiring the CD8* T cell-mediated immune (CMI) response. 

A single immunization with a chAdV vector expressing HIV-1 gag elicited a potent 
antigen-specific cellular immune response [~2000 IFN-y spot-forming cells (SFCs) 
per million PBMCs] that contracted eventually but persisted beyond 5 years (~400 
IFN-y SFCs per million PBMCs). A booster at this 5 year stage with a chAdV vector 
carrying the same antigen resulted in a rapid increase in the number of the gag-spe- 
cific IFN-y producing T cells. Additionally, gag-specific antibodies could be detected 
before the booster and increased by a factor of 10 after the booster,’ implying that 
chAdV vectors are capable of inducing long-lasting T and B cell memory. 

A recent report compared the immunological potency of chAdV-3 with that of 
HAdV-5 as an anticancer vaccine vector.°? The chAdV-3-based vector, expressing 
transgene at levels similar to that of HAdV-5, was able to induce higher levels of a CD8* 
IFN-y-positive T cell response at significantly lower doses compared to a HAdV-5- 
based vector. Additionally, a stronger immune response was observed in a chAdV-3/ 
chAdV-3 prime—boost regimen than either a HAdV-5/HAdV-5 or a HAdV-5/chAdV-3 
prime—boost regimen. Most importantly, the chAdV-3-derived vector was able to 
confer antitumor protection in mice with anti-HAdV-5 immunity. 

Another study’? reported that a chAdV-23 (also known as SAdV-22 or Pan-5)-de- 
rived vector was equally or more efficient than an HAdV-5-derived vector in trans- 
ducing low-passage brain tumor cells, CD133* and CD133- glioma tumor stem cells 
derived from human patients. Given that the CD133* cells are difficult to treat with 
traditional chemotherapy, the aforementioned observations warrant testing of SAdV- 
23-based vectors as a treatment for human brain tumors. 

The chAdV-based vectors are not only capable of inducing robust humoral and 
cellular adaptive immune responses but also have been shown to induce protective 
immunity against a variety of infections including Ebola virus in mice and nonhuman 
primates,’!~’* respiratory syncytial virus in neonates,” rabies virus,’®7’ H5N1 influ- 
enza virus,’®:”? malaria,°*8°.8! Rift Valley fever virus,°* and severe acute respiratory 
syndrome virus. The ability to induce protective immunity in human populations 
in the presence of preexisting immunity to HAdV serotypes is a highly desirable trait 
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of chAdV-based vectors. These vectors have the potential to develop into a common 
platform for vaccine or gene therapy purposes. 


4.1.1 Chimpanzee Adenovirus Vectors in Clinical Trials 


HIV-1. In a heterologous prime—boost regimen, a chAdV-63 vector in combination with 
a plasmid DNA or modified vaccinia vector Ankara (MVA) as a vaccine for delivering 
HIVconsv was evaluated in uninfected human subjects.** The HIVconsv is based on the 
14 functionally most conserved subprotein domains of HIV-1 and is common to most 
virus variants worldwide.*>*® The combinatorial regimen that included the chAd63.HIV- 
consy resulted in an HIVconsyv-specific IFN-y-producing T cells with remarkably high 
frequencies. Furthermore, both CD4* and CD8* T cells with broad specificity and multi- 
ple intercellular signaling molecules were induced. In addition, the effector T cells which 
were found to be specific for gag and pol were efficacious in inhibiting HIV-1 replication 
in cultured autologous CD4 T cells by a factor of 5.79 log. No adverse side effects were 
reported in any of the subjects receiving the vaccine formulation.** A follow-up Phase I 
clinical trial HIV-CORE 002 with the same combinatorial regimens discussed above did 
not report significant safety or tolerability concerns.°° Only mild-to-moderate local reacto- 
genicity and systemic effects such as mild pain, erythema, fever, and headache lasting for 
fewer than 3 days postadministration were described in the majority of vaccines receiv- 
ing chAd63.HIVconsv. Following these encouraging results, a Phase I clinical trial using 
chAd63.HIVconsv and MVA.HIVconsv is underway (Clinical Trials.gov; NCT01712425). 
Malaria. Malaria is caused by Plasmodium falciparum and is a major pathogen 
responsible for childhood morbidity and mortality in Africa and other countries. The 
primary objective of an effective malaria vaccine will be to control the disease trans- 
mission. Multiple preclinical studies have demonstrated a strong correlation between 
CD8* T cells and protective efficacy.°°°* However, the existing subunit vaccines are 
not good enough to induce high levels of malaria antigen-specific CD8* T cells. 
Several studies have shown that heterologous prime—boost immunization with 
chAdV-63 and MVA expressing ME-TRAP, a liver stage antigen of P. falciparum, are 
capable of inducing robust CD8* T cell response and protection.©*°°°8 The chAd63. 
ME-TRAP and MVA.ME-TRAP did not cause any significant local or systemic adverse 
effects.°° The chAd63.ME-TRAP demonstrated a good safety profile in individuals in 
Kenya, Gambia, and United Kingdom °°? with a dose of up to 2x 10!!.99 The chAd63. 
ME-TRAP and MVA.ME-TRAP prime-—boost regimen induced high frequencies of 
antigen-specific IFN-y secreting T cells, reaching beyond 2000SFCs/million PBMCs 
in two independent Phase Ib clinical trials.°° The induced cellular immune response 
included cytokine secreting, antigen-specific CD4+ and CD8* T cell populations. In 
addition, the response seemed to be long lasting since it had not significantly decreased 
at 9months postvaccination.°° The high levels of antigen-specific IFN-y secreting T 
cells are highly remarkable as it is difficult to induce more than 1000SFCs/million 
PBMCs.“ ChAd63.ME-TRAP priming followed by MVA.ME-TRAP boosting 
induced high levels of IgG response to the TRAP antigen. Importantly, the low levels of 
anti-chAd63 nAb titers detected pre- and postadministration of chAd63.ME-TRAP did 
not attenuate the immunogenicity of the vaccines. Finally, the chAd63.ME-TRAP and 
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MVA.ME-TRAP prime-—boost also provided sterile to partial protection against con- 
trolled human malaria infection with a heterologous malaria strain, thereby demonstrat- 
ing strong correlation between immunogenicity and protective efficacy. 

Another heterologous prime—boost vaccine regimen employed the chAd63 and MVA 
encoding for either one or both of the blood stage malaria antigens AMAI and MSPI, 
alone or in combination with the liver stage antigen ME-TRAP.*’ The chAdV-63 vec- 
tors displayed an excellent safety profile and induced significantly higher T cell responses 
compared to other delivery platforms tested (DNA/MVA or Fowl Pox virus/MVA). The 
cellular immune response was broadly specific to the AMA1 and MSP1, persisted at high 
levels, and comprised of relevant cytokine secreting CD8* and CD4* T cell populations. 
The chAdV-63 vectors also induced an antigen-specific IgG response.?”°* The chAdV- 
63-MVA prime—boost combination is now a commonly employed and versatile vaccine 
delivery system capable of inducing strong cellular and humoral immune responses. 

Hepatitis C. Hepatitis C virus (HCV) is another pathogen of immense public health 
significance against which the chAdV-derived vectors have been used for vaccine deliv- 
ery. HCV is capable of establishing persistent, stealthy infection in immunocompetent 
hosts in which cirrhosis has affected a significant portion of the liver. The current treat- 
ments are becoming increasingly effective but are costly and have serious side effects. !°° 

Induction of high levels of virus-specific CD4* and CD8* T cells is important for 
protection against HCV, !°!~!°3 implying that a successful HCV vaccine will be able to 
mount a strong and long-lasting T cell response. A chAdV-3-based vector, alongside 
the rare HAdV serotype of HAdV-6, expressing the NS proteins of HCV genotype 
1B was recently tested in a Phase I clinical trial.!°* Both vectors were found to be 
overall safe and well tolerated, resulting in only mild local and systemic side effects 
at various doses ranging from 5x 108 to 7.5x10!%vp. The chAdV-3 vector used at 
2.5x10!°vp dose induced more than 1000 IFN-y SFCs/million PBMCs—a level sim- 
ilar to or higher than the HAdV-6 vector. Furthermore, both viral vectors were able to 
induce broad T cell responses, targeting peptides encompassing multiple viral gene 
products including NS3, NS4A/B, NS5A, and NS5B. The induced T cell responses 
for each vector included both CD4* and CD8* T cells with the CD8* response being 
the more dominant of the two. T cell populations secreting IFN-y/TNFa, IFN-y/IL-2, 
or all three cytokines were detected with a minimal IL17A response. In addition, the 
induced T cells responses were found to be cross-reactive with other HCV genotypes 
1A, 3A, and 1B with genotype 1B representing the immunogen. Finally, detectable 
and functional memory T cell could be observed up to one year postboost, suggesting 
that the vaccines induced a long-lasting T cell response. 104 

In the same clinical trial, chAdV-3 and HAdV-6 were also tested in a heterologous 
prime—boost regimen. The chAdV-3 prime/HAdV-6 boost regimen, in contrast to the 
HAdV-6 prime/chAdV-3 boost regimen, resulted in a stronger boost response that was 
also consistent among different vaccines. However, the boost response was still not 
as high as that observed for the boost in chAdV-63/MVA malaria trials. The poorer 
chAdV-3 prime/HAdV-6 boost response is surprising given the strong and functional 
responses at priming. The authors proposed that the nAbs induced on priming were 
possibly interfering with the heterologous vector used at priming and resulted in atten- 
uation of AdV vector-specific and NS antigen-specific T cell responses. Nonetheless, 


Xenogenic Adenoviral Vectors 507 





the overall findings of this clinical trial of a T cell-based HCV vaccine have again 
demonstrated the utility of chAdV vectors as a vaccine delivery platform. 


4.2 Bovine Adenovirus-Based Vectors 


AdVs infecting cattle, termed as bovine AdVs (BAdVs), have been classified under 
the two genera, Mastadenovirus and Atadenovirus. Ten serotypes of BAdVs (BAdV- 
1—10) have been isolated thus far, and most of these are responsible for mild diseases 
of the gastrointestinal or respiratory tracts in bovines. Of the 10 BAdV serotypes, 
BAdV-3 is the best characterized. The complete nucleotide sequence and genome map 
of BAdV-3 is available.!°° The BAdV-3 genome shares a high level of similarity with 
HAdV-5 with certain differences. The E3 region in BAdV-3 is relatively smaller and 
less complex compared to the corresponding E3 region from HAdV-5.!°° BAdV-3 E1 
proteins (EIA, E1B-157R, and E1B-420R) show functional or amino acid sequence 
homologies with their counterpart E1 proteins of HAdV-5 and BAdV-3. E1A com- 
plements HAdV-5 E1A functions!0”:!°8 suggesting functional similarities between 
BAdV-3 E1 and HAdV-5 E1. Structurally, the BAdV-3 fiber is exceptionally long and 
bent at several sites! indicating that the bending may be necessary to allow the pen- 
ton base to make contact with the secondary receptors on the cell surface. 

Cotton rats (Sigmodon hispidus) can serve as a replication-competent small-animal 
model for evaluating the pathogenesis and vaccine efficacy of BAdV-3 vectors.!!0.!!! 
In the presence of circulating BAdV-3-neutralizing antibodies, intranasal inoculation 
of cattle with BAdV-3 results in inapparent infection! !? suggesting that a BAdV-3- 
based vaccine would be successful. 

BAdV-3-based vectors have been created using homologous recombination in both 
mammalian cells!!> and bacteria!'* in addition to I-ScelI-based approaches. !0-!!5.116 
Several bovine cell lines have been used to rescue BAdV-based vectors. These include 
MDBK, BHH3 (bovine human hybrid cell lines expressing HAdV-5 E1),!!7 FBRT-HE1 
(fetal bovine retinal cells expressing HAdV-5 E1!!8 and VIDO R2 (fetal bovine retinal 
cells expressing HAdV-5 E1).!!> Initially BAdV-3 as a replication-competent vector 
containing the firefly luciferase gene in the E3 region was constructed in 1995,!13 and 
the BAdV-3 vector-infected 293 cells efficiently expressed luciferase, suggesting the 
suitability of BAdV-3 vectors for gene transfer into human cells. 

There are a number of findings that further explore the potential of BAdV-3 as a 
gene delivery platform. The anti-HAdV-5 or anti-BAdV-3 antibodies raised in rab- 
bits or mice are not cross-virus neutralizing, and the reporter gene expression with 
HAdV-5-LacZ in BAdV-3-primed mice has been significantly higher (P>0.05) than 
that obtained in HAdV-5-primed animals.” BAdV-3 internalization is independent of 
the HAdV-5 receptors (CAR and avß3- or avB5-integrin)!!° but utilizes o(2,3)-linked 
as well as «(2,6)-linked sialic acid as a major receptor for internalization.!2° Preex- 
isting HAdV-neutralizing antibodies in humans do not cross-neutralize BAdV-3.!°% 
HAdV-specific CMI response does not cross react with BAdV-3.!2! BAdV-3 has tro- 
pism distinct from that of HAdV-5 and efficiently transduces diverse human and non- 
human cells in culture.!°°:!2? Unlike HAdV-5, BAdV-3 is a strong inducer of TLR4. 
There is an absence of Kupffer cell depletion with BAdV-3 in mice!” while Kupffer 
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cell depletion with HAdV-5 is the main reason for a faster vector depletion from the 
host. Intravenous inoculation with a BAdV-3 vector efficiently transduces the heart, 
kidney, lung, liver, and spleen. The vector persists for a longer duration compared to a 
HAdV-5 vector especially in the heart, kidney, and lung in a mouse model.!?* Sequen- 
tial administration of HAdV-5 and BAdV-3 vectors overcomes vector immunity in 
an immunocompetent mouse model of breast cancer.!?* Persistence of the BAdV-3 
genome in human and nonhuman cell lines is similar to that of the HAdV-5 vectors. !25 
These various findings underscore why BAdV-3 vectors offer an attractive alternative 
to HAdV vectors for effectively immunizing individuals with high levels of preexist- 
ing HAdV immunity with safety aspects similar to those of HAdV-5 vectors. 

BAdV-3-based vectors have been successfully used in gene delivery for vaccination 
purposes in experimental animals. Intranasal vaccination of cotton rats with a replica- 
tion-competent BAdV-3 vector, BAV3.E3gD, expressing bovine herpesvirus- 1 (BHV- 
1) gDt glycoprotein induced strong gD-specific IgA and IgG immune responses. !”° In 
a subsequent study, vaccination of calves with BAV3.E3gD induced gD-specific anti- 
body responses in serum and nasal secretions that conferred protection against BHV-1 
challenge.!?”7 A BAdV-3 vector expressing bovine viral diarrhea virus glycoprotein E2 
induced E2-specific IgA and IgG in nasal secretions and serum, respectively, in cotton 
rats following intranasal immunization.!?8 A BAdV-3 vector (BAV327) coexpressing 
bovine respiratory syncytial virus glycoprotein G and bovine IL-6 from the E3 region 
was developed.!”° A BAdV-3 vector (BAV851) coexpressing bovine respiratory syn- 
cytial virus G and BHV-1gDt proteins was generated, and vaccination of cotton rats 
with this BAV851 induced strong antigen-specific immune responses. !30 

In order to evaluate whether a BAdV vector can effectively elude high levels of pre- 
existing HAdV-5 vector immunity, naïve and HAdV-5-primed mice were immunized 
with BAd-H5HA (a BAGV vector expressing HA of a H5N1 influenza virus).!3! Even 
in the presence of very high levels of HAdV-5-specific neutralizing antibody titer 
(2133 + 660), no reductions in HA-specific humoral and CMI responses were observed 
in mice immunized with BAd-H5HA. In the presence of exceptionally high levels of 
preexisting vector immunity, mice immunized with BAd-H5HA resulted in approxi- 
mately 2.8-fold higher hemagglutination inhibition (HI) titers or a 2.3-fold higher per- 
centage of HA-specific CD8* T cells compared to the levels in naive mice inoculated 
with HAd-HS5HA. The immunization of naive or HAdV-primed mice with BAd-HS5HA 
resulted in full protection from morbidity and mortality following a potentially lethal 
challenge with A/Hong Kong/483/97 (H5N1). Furthermore, a heterologous prime- 
boost regimen comprised of HAd-H5HA priming and boosting with BAd-H5HA elic- 
ited a significantly higher HI response compared with HAd-H5HA or BAd-H5HA 
alone. These results strongly suggest the importance of using BAdV-based vectors as 
an alternate to HAdV-based vectors for eluding preexisting vector immunity and in a 
heterologous prime—boost strategy for enhanced immune responses. 


4.3 Porcine Adenovirus-Based Vectors 


AdVs have been isolated from pigs and termed as porcine AdVs (PAdVs). There are five 
serotypes of PAdVs currently known to infect swine (PAdV-1-—5). Similar to the other 
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AdVs, PAdVs are prevalent primarily in swine species and are responsible for gastro- 
intestinal disease and multifactorial porcine respiratory disease complexes. Among the 
five PAdVs, PAdV-3 is the most prevalent and well-characterized serotype. Initially iso- 
lated from a healthy young piglet, PAdV-3 is associated with subclinical infection. The 
complete nucleotide sequence and transcription map of PAdV-3 is available.!°° PAdV-3 
shares genomic and structural similarities with HAdV-5. Like HAdV-5, PAdV-3 belongs 
to the genus Mastadenovirus, and its genome consists of five early transcription units 
(E1A, E1B, E2, E3, and E4).!° Further, the PAdV-3 E1 transaction unit has been shown 
to complement the functions of the HAdV-5 E1 transcription unit. 

However, unlike HAdV-5, PAdV-3 internalization into cells is independent of CAR 
and a,ß3- or ayB5-integrin receptors; the primary receptors for HAdV-5 and PAdV-3 
are distinct. !3? Anti-HAdV-5 or anti-PAdV-3 antibodies raised in rabbits or in mice do 
not cross-neutralize, and the reporter gene expression with HAdV-5-LacZ in PAdV- 
3-primed mice show significantly higher P values (P>0.05) than those obtained in 
HAdV-5-primed animals.”° Preexisting HAdV-specific neutralizing antibodies in 
humans do not cross-neutralize PAdV-3.'°> A PAdV-3 vector efficiently transduces a 
number of human, murine, porcine, and bovine cells in culture,!°*-!>3 suggesting that 
PAdV-3 vectors are a promising supplement to HAdV vectors. 

In studies, the biodistribution of a PAdV-3 vector was comparable to that of aHAdV-5 
vector in the mouse model but showed more rapid vector clearance. Only linear episo- 
mal forms of PAdV-3 vector genomes were detected in inoculated mice.!° In addition, 
PAdV-3-specific T cell responses did not show significant cross-reactivity with HAdV-5 
or BAdV-3.!2! Compared to the HAdV-5 vector, the PAdV-3 vector induced higher lev- 
els of innate immune responses, including TLRs and proinflammatory chemokines and 
cytokines. !?3 The persistence of a PAdV-3 vector in a number of cell lines was compa- 
rable to that of the HAdV-5 or BAdV-3 vectors, and only the linear episomal form of 
the vector genome was observed.!> These findings suggest the uniqueness of receptor 
usage by PAdV-3 and highlights its potential to elude HAdV-specific humoral and CMI 
responses with a safety similar to that of HAdV-5 vectors. 

Construction of recombinant PAdV-3-based vectors has been pursued using homol- 
ogous recombination in Escherichia coli to generate a full-length infectious clone fol- 
lowed by transfection of fetal porcine retinal cell lines transformed with HAdV-5 E1 
(FPRT-HE1-5 and VIDO R1).!**-!34 Both replication-competent (containing deletion 
in E3 region) and replication-defective (containing deletions in E1 and/or E3 regions) 
PAdV vectors have been developed and evaluated as delivery tools for vaccine or 
gene therapy purposes.!*° A PAdV-3-based classical swine fever virus (CSFV) vaccine 
(rPAV-gp55) containing the gp55 (E2) gene from the CSFV ‘Weybridge’ strain into the 
right-hand end of the PAdV-3 genome has been developed.!*° Transgene expression 
was driven from the major late promoter and tripartite leader sequences of PAdV-3. 
Subcutaneous vaccination of outbred pigs with a single dose of the rPAV-gp55 vaccine 
induced high levels of gp55-specific antibodies and conferred complete protection 
from lethal challenge with CSFV. Furthermore, all the vaccinated animals showed 
no adverse clinical signs of CSFV. In a subsequent study, 6-week-old weaned pigs 
and 7-day-old preweaned piglets were vaccinated with a DNA vaccine expressing 
the gp55/E2 gene from CSFV and then boosted with rPAV-gp55.!°7 This prime—boost 
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vaccine approach induced high levels of gp55 antibody titers. Following challenge 
with CFSV, 100% of the weaned pigs and 75% of preweaned piglets were protected. 

Similarly, a PAdV-3-based pseudorabies virus (PRV) vaccine encoding the gly- 
coprotein D gene from a PRV strain was developed.'*® Vaccination of 5-week-old 
pigs with a single or two doses of the PAdV-3-PRV vaccine induced high levels of 
serum-neutralizing antibodies to PRV and conferred protection against challenge with 
a PRV virus. Pigs vaccinated with two doses of the PAdV-3-PRV vaccine had rela- 
tively higher PRV antibody titers and demonstrated better protection efficacy com- 
pared to those receiving a single vaccine dose. 

A PAdV-3-based influenza vaccine (PAV3-HA) expressing HA of A/Hanoi/ 
30408/2005 (H5N1) virus was evaluated for its potential to induce protective immunity 
in mice.!*? Vaccination of BALB/c mice with PAV3-HA induced high levels of 
HA-specific humoral and cellular responses. Vaccinated mice were protected against 
lethal challenge with a highly pathogenic avian H5N1 influenza virus. Interestingly, 
compared to a HAdV-5-based H5N1 vaccine, the immunity induced by PAV3-HA was 
present even twelve months postvaccination. 

In addition to PAdV-3, PAdV-5 is also being investigated as a gene delivery tool. 
Tuboly and coworkers developed a recombinant PAdV-5 vector encoding the spike 
gene of transmissible gastroenteritis virus. Oral vaccination of pigs induced high lev- 
els of spike-specific antibodies. 140-141 

Like other AdV vectors, the prevalence of PAdV-neutralizing antibodies in the 
swine population is thought to hinder the use of PAdV vectors for vaccination pur- 
poses. A survey for PAdV-3 immunity in pigs from Australia demonstrated up to 90% 
prevalence of virus-neutralizing antibodies. !*° However, a study evaluating the perfor- 
mance of rPAV-gp55 in the presence of high levels of PAdV-3 antibodies demonstrated 
that the effect of rPAV-gp55 was not inhibited by the presence of elevated levels of 
PAdV-3-neutralizing antibodies.'*> Since preexisting HAdV-specific neutralizing 
antibodies in humans do not cross-neutralize PAdV-3,!39 PAdV-3 vectors would be 
a promising supplement to HAdV vectors as a delivery vehicle for recombinant vac- 
cines and gene therapy applications in humans. 


4.4 Ovine Adenovirus-Based Vectors 


AdVs isolated from sheep are termed as ovine AdVs (OAdVs). Since 1969 seven sero- 
types of OAdVs have been isolated and classified (OAdV-1—7). OAdV-1 to 6 belong 
to the genus Mastadenovirus, while OAdV-7 belongs to the genus Atadenovirus. Most 
of these viruses are associated with either respiratory tract or intestinal tract infections. 
Among these serotypes, OAdV-7 has been well characterized and evaluated as a gene 
delivery vector. The nucleotide sequences of all seven OAdV serotypes are currently 
available. The genome organization of OAdV-7 is distinct from the other AdVs in the 
genus Mastadenovirus since its genome is AT rich.'** Moreover, it lacks a clear dis- 
tinguishable E1 region. The OAdV-7 entry into cells is independent of CAR and has 
in vivo tissue tropism distinct from HAdV-5.!*° 

OAdV-7-based vectors were created using homologous recombination in E. coli 
and cosmid-based approaches followed by virus rescue in the ovine fetal lung cell 
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line (CSL503) or ovine fetal skin fibroblastic cell line.!4%144-145 Transgenes have been 
expressed from three unique sites, referred to as sites I, II, and II, in the OAdV-7 genome. 
Site I is located between the PVIII and fiber genes, site II is present within the RH2 gene 
approximately 902 bp from the 3’ end of the viral genome, and site III is located within 
a short noncoding region present between the E4 and the right-end transcription regions. 
Site III is considered the most stable among the three insertion sites, resulting in high 
levels of transgene expression independent of its orientation. Moreover, OAdV-7 vectors 
with site II insertions are easy to rescue and grow to high titers.!*+ 

An OAdV-7-based HCV vaccine (OAdV-NS3) encoding the nonstructural protein 
3 (NS3) of the HCV BK strain has been developed.'*° The transgene was inserted at 
site III and was driven by the RSV 3’ LTR. Intramuscular immunization of BALB/c 
mice induced high levels of NS3-specific IFN-y-secreting T-lymphocytes as measured 
by ELISpot assay. Interestingly, the NS3-specific T cell response persisted for up to 
10 weeks postvaccination. Moreover, the OAdV-NS3-induced T cell response was not 
altered in the presence of immunity to HAdV-5. 

In another study, an OAdV-based vector encoding protective recombinant antigen 
(45W) of Taenia ovis was generated and evaluated for its immunogenicity and protec- 
tive efficacy in sheep when used alone or in combination with a DNA-based T. ovis 
vaccine.!*7 Immunization of sheep with two doses of either OAdV or DNA vaccine 
induced low levels of 45W-specific antibody responses. However, immunization with 
the DNA vaccine followed by boosting with OAdV-based vaccine induced antibody 
responses >65-fold higher than those vaccinated with either the DNA or the OAdV 
vaccine alone, conferring protection from challenge with T. ovis. 

An OAdV-7-based vaccine for HIV-1 (OAdV.HIVA) encoding the HIV-1 clade A 
consensus gag-derived protein coupled to a T cell polyepitope was developed.'*® Vac- 
cination of mice with OAdV.HIVA either alone or in combination with HAdV-5 or 
MVA-vectored vaccines induced high levels of the HIV-1-specific T cell responses 
necessary to confer protection against HIV-1. This study demonstrated the potential of 
OAdV-7 as a delivery vehicle for HIV vaccines. Furthermore, the feasibility of using 
OAdV.HIVA in combination with BCG.HIVA(401) (a Mycobacterium bovis bacillus 
Calmette—Guérin (BCG)-based HIV-1) and MVA.HIVA was evaluated.!*? Unfortu- 
nately, vaccination with the BCG.HIVA(401) alone induced undetectable and weak 
CD8 T-cell responses in BALB/c mice and rhesus macaques, respectively. However, 
priming with the BCG.HIVA(401) followed by boosting with MVA.HIVA and OAdV. 
HIVA induced robust HIV-1-specific T-cell responses. 

A recombinant OAdV-7 vector expressing the human alpha-1 antitrypsin gene 
(OAVhAAT) was generated and evaluated for its utility in human gene therapy in the 
skeletal muscle.!>° Injection of low doses of 3 x 107 infectious particles of OAVhAAT 
resulted in high serum levels of hAAT (>100 ng/ml), which was accompanied by a 
weak immune response to the vector. OAdV-7 infection was restricted to the smooth 
muscle with the level of hAAT expression comparable to that of a HAdV-5-based 
vector expressing the hAAT gene.!>! 

Systemic administration of a single dose of an OAdV-7 vector encoding the E. coli 
purine fludarabine phosphorylase gene followed by prodrug fludarabine phosphate 
significantly inhibited the progression of prostate cancer in an immunocompetent 
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mouse model. The role of an OAdV-7-based vector expressing ovalbumin (OVA) was 
evaluated for inducing antitumor immunity in a mouse model.!>? Incubation of bone 
marrow-derived dendritic cells with the OAdV-7 vectors expressing OVA resulted in 
upregulation of costimulatory markers and production of IL-12. Splenocytes collected 
from the immunized animals actively responded to in vitro antigen stimulation. Fur- 
thermore, the in vivo cytotoxicity assays demonstrated efficient killing (up to 75%) of 
antigenic peptide-pulsed target cells. In mice inoculated with B16-OVA tumor cells, 
immunization with the OAdV7-OVA significantly suppressed tumor growth. 

These studies highlight the potential of OAdV as a potential vehicle for gene deliv- 
ery for vaccination and gene therapy purposes. Neutralizing antibodies against OAdV 
are not prevalent in humans, making OAdV vectors as promising tools for gene deliv- 
ery in humans.!>4 


4.5 Canine Adenovirus-Based Vectors 


Canine AdV (CAdV) serotypes 1 and 2 have been well characterized. In dogs, 
CAdV-1 is responsible for infectious canine hepatitis, whereas CAdV-2 causes only 
mild upper respiratory tract infection. Despite the long history of cohabitation of dogs 
and humans, CAdVs are not able to cross the specific barriers and have not been asso- 
ciated with any human disease. The complete genome sequences of both CAdV-1!>* 
and CAdV-2!°> are available. Genome sizes of CAdV-1 and CAdV-2 are about 30.5 
and 31.3 kb, respectively. Based on sequence analysis and genome organization, these 
CAdVs are classified under the genus Mastadenovirus. 

An E3-deleted vector system based on CAdV-1 has been developed by homologous 
recombination in bacteria.!°° The El-deleted CAdV-2 vectors were developed in the 
late 1990s and have an insertion capacity of ~4kb.!5%!58 The strategy employed for 
constructing CAdV-2 vectors involves homologous recombination between the viral 
genome and a shuttle vector carrying a transgene expression cassette along with other 
necessary sequences, and is similar to that used for generating HAdV vectors. !°%:!>? The 
El-deleted CAdV-2 vectors cannot be trans-complemented by cell lines expressing human 
El, necessitating the development of canine kidney cell lines expressing the CAdV-2 
E1.!5%158 The El-deleted CAdV-2 vectors can be grown to high titers (10'3 vp/ml) and 
seem to have an excellent infectious particles-to-virus particles ratio.!58 However, the ini- 
tial system for CAdV-2 vector development was cumbersome and very inefficient, often 
resulting in a CAdV-2 vector titer that was 104- to 10°-fold lower than that of a HAdV-5 
vector. Apparently this was because the canine kidney cells are difficult to transfect with 
linear CAdV-2 vector genomes of >30kb.!>’ Recently, an improved system for CAdV-2 
vector generation has been described that uses a canine kidney cell line trans-comple- 
menting the CAdV-2 E1 and expressing I-Scel fused to estrogen receptor.'® This system 
allows highly efficient transfection of the supercoiled CAdV-2 vector genome into the 
canine kidney cells followed by an intracellular release of the vector genome and results 
in a 1000-fold increase in CAdV-2 vector titers. 

A conditionally replicative AdV (CrAd) vector based on CAdV-2 has been devel- 
oped and shows efficient replication and oncolytic potential in canine cell lines and a 
mouse xenograft model.!°! The subsequent study has demonstrated enhanced binding 
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and internalization of the CAdV-2 CrAd vector into canine osteosarcoma cells on vec- 
tor modification by incorporation of polylysine into the C-terminus of fiber knobs.!° 

Tropism of CAdV-2 is distinct but overlaps with HAdV-5. Cells transduced by 
CAdV-2 can also be transduced by HAdV-5 but not vice versa.!® CAdV-2 utilizes 
CAR as receptor but does not depend on ampz-integrins or the heavy chain of the 
MHC-I for entry. Interestingly, the CAdV-2 capsid lacks the RGD motif in the penton 
base required for interaction with integrins.!©*-!©° CAdV-2 also does not interact with 
other AdV receptors such as lactoferrin and CD46.!© CAdV-2 is replication-defective 
for human cells, although it can infect human cells—a highly desirable trait for pre- 
venting any complication caused by a replication-competent AdV contamination. !57 

CAdV-2 vectors preferentially transduced rodent olfactory neurons and central 
nervous system (CNS) neurons in vitro and in vivo and demonstrated more efficient 
retrograde axonal transport than HAdV-5 following intramuscular and intrastriatum 
injections allowing for transgene expression throughout the substantia nigra.!® Injec- 
tion of a CAdV-2 vector into multiple sites into the striatum instead of a single site 
resulted in five times more dopaminergic neurons in the substantia nigra, suggesting 
that a multiple site injection strategy could prove more effective if a large area of the 
CNS is to be targeted.!°* CAdV-2 vectors are capable of transducing young mouse 
neurons without affecting the functional maturation of the neurons.!® In addition, 
CAdV-2 vectors did not induce significant cellular infiltration in the rat brain, reflect- 
ing their poor immunogenicity in the CNS.!68 Collectively, these observations suggest 
that CAdV-2 vectors could prove to be a very effective tool for therapy of neurode- 
generative diseases requiring widespread expression of transgene in the CNS without 
the complications arising from cellular infiltrations as a result of unintended immune 
activation. In addition to the CNS, the CAdV-2 vectors efficiently transduce mouse 
airway epithelial cells in vitro, ex vivo, and in vivo.!7° 

Human sera containing high levels of HAdV-5-neutralizing antibodies demon- 
strated little to no detectable neutralization of CAdV-2.!57:!58 In addition, sera from 
mice containing exceptionally high levels (titer 3360) of anti-HAdV-5-neutralizing 
antibodies did not affect transduction by CAdV-2 but caused greater than 97% inhi- 
bition of HAdV-S in vitro. Similarly, the preexisting HAdV immunity did not signifi- 
cantly affect transduction of the murine respiratory tract by CAdV-2.!7° Collectively, 
these observations imply that the preexisting HAdV immunity does not affect CAdV-2 
transduction and that CAdV-2 vectors are an effective tool for circumventing preex- 
isting AdV immunity. 

In addition to the El-deleted, E3-deleted, and CrAdV vectors, helper-dependent 
(HD) vectors have also been developed based on CAdV-2.!° The strategy for construc- 
tion of HD CAdV-2 vectors involves homologous recombination in E. coli BJ5183 
between the plasmid pEJK25 containing a CAdV-2 ITR (without the packaging 
sequences and~25kb stuffer sequence) and the shuttle plasmid (pGut containing a 
transgene expression cassette, CAdV-2 ITR, with the packaging sequences, and a 2kb 
overlap region with pEJK25).'°° The HD AdV vectors are generated by transfection 
of El complementing cell lines with the linearized HD vector genome followed by 
infection with the helper virus. Amplification of the HD vectors also requires coin- 
fection with the helper virus. After several rounds of amplification, the HD vector is 
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purified by a cesium chloride density gradient.!7! Flanking the packaging domain of 
the helper virus with loxP sites does not prevent a significant level of contamination 
of the CAdV-2 vectors with the helper virus as the Cre-mediated excision at the loxP 
sites is not very efficient. However, mutations in cis-acting sequences in the packaging 
domain of the helper virus reduced the contamination to ~1% in HD CAdV-2 vector 
preparation with a final titer of 2.5x10!° infectious units/ml and ~2 x 10!! particles/ 
ml. In addition, no replication-competent AdV could be detected in 10!! particles after 
multiple rounds of amplifications. 

Importantly, the HD CAdV-2 vectors are capable of inducing long-term, sustained 
transgene expression in the rat brain lasting for at least one year postinjection.!°* An 
HD CAdV-2 vector also has induced transgene expression lasting up to 3 months 
postinstillation in the mouse upper respiratory tract. At 3 months, some decrease was 
detected compared to earlier time points, likely due to natural turnover of pulmo- 
nary epithelium. Additionally, the HD CAdV-2 vectors induced some degree of innate 
immune response in the mouse lung, but the level of induction was lower than that 
induced by HAdV-5 vectors.!7° 

HD CAdV-2 vectors have also been tested for use in therapy of mucopolysaccha- 
ridosis (MPS) type VII which results from the deficiency of -glucuronidase (B-glu) 
and is manifested as corneal clouding due to the accumulation of glycosaminoglycans 
(GAG).!”" The HD CAdV-2 vector encoding for human B-glu (HD-RIGIE) efficiently 
transduced CAR-positive keratocytes in mice and nonhuman primates following direct 
intrastromal injection. Apart from a temporary corneal edema that lasted for ~24h, 
no major complication occurred. The CAdV-2 vector transduction was as efficient, 
if not more, as that of the HAdV-5 vector. It covered the entire cornea but declined 
after 1 week, suggesting that further improvements are necessary to obtain long-term 
expression. Interestingly, the CAdV-2 vector induced a histological correction of 
GAG and cell morphology in the canine cornea, possibly due to the CAR expression 
by keratocytes and a high-level expression of f-glu by the vector.!’? In addition, the 
HD-RIGIE could also reverse neuropathological changes associated with MPS VII 
in the dog’s brain.!”? This HD-RIGIE has the potential to induce long-term B-glu 
expression in mice, resulting in decreased GAG levels, lysosomal enzyme activity, and 
most importantly, a dramatic improvement in cognitive function.!’* For these reasons, 
HD CAdV-2 vectors can potentially provide tools for therapy of MPS VII and other 
lysosomal storage diseases. 


4.6 Murine Adenovirus-Based Vectors 


The murine AdVs are classified under the genus Mastadenovirus—species A, B, and 
C. The murine AdV serotype 1 (MAdV-1) was first isolated and characterized in 
1960175 and has been used as a model system for exploring virus—host interactions, 
AdV pathogenesis, and antiviral therapies.!7° Infection with MAdV-1 can cause seri- 
ous disease in both newborn and adult mice. MAdV-1 infections, even at low doses, in 
newborn mice can cause serious mortality. However, akin to HAdVs, MAdV-1 infec- 
tions in immunocompetent adult mice cause only mild infections with low mortal- 
ity.!77!78 Unlike HAdVs, which initially infect the respiratory epithelium, MAdV-1 
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replicates in the primary endothelial cells of various body systems and thus results in 
widespread systemic infection affecting the liver, spleen, kidneys, intestines, adrenals, 
heart, brain, and spinal cord.!79-180 

The genome of MAdV-1 is ~30.9kbp and is similar to HAdV-5 in organization 
except that it does not encode virus-associated RNAs.!®!:!82 Vectors based on MAdV-1 
were first described in the late 1990s.!8!.'83-!84 E] A-deleted MAdV-1 vectors are con- 
structed either by replacing an initiation codon with a stop codon or by deleting each 
of the three conserved regions CR1, CR2, or CR3 within E1A. These vectors grew to 
titers only one log lower than those of wild-type virus in mouse fibroblasts, implying 
that MAdV-1 E1A is not essential for efficient virus replication.!** Deletion of ELA 
did not alter the gene expression levels of the other early region genes, suggesting 
that, unlike HAdVs, the MAdV-1 E1A is not required for transactivation of other early 
region genes.!854 However, the pathogenicity of E1A null mutants of MAdV-1 is sig- 
nificantly lower than wild-type virus, suggesting the requirement of E1A in the host 
but not in the cell culture.!7° 

The E3 region of MAdV-1 encodes for three proteins with a common N-termi- 
nal sequence but unique C-terminal sequences.'** E3-deleted MAdV-1 vectors were 
constructed by mutagenesis to block expression of each one of the E3 proteins. 181-185 
The E3 mutants of MAdV-1 induced significantly less endothelial cell damage and 
inflammatory response in the brain and spinal cord than the wild-type virus, indicat- 
ing that there is a role for E3 proteins in these areas.!8! The MAdV-1 does not utilize 
CAR as a primary receptor!’° and does not contain the RGD motif in the penton 
base.!86 Instead, the MAdV-1 fiber knob domain carries an RGD motif that plays 
an important role in MAdV-1 entry mediated by aV-integrins. In addition, cell sur- 
face glycosaminoglycan heparan sulfate is also involved in MAdV-1 infection. !8°!87 
MAdV-1 binds to primary human smooth muscles with significantly higher affinity 
than HAdV-S. The biodistribution of MAdV-1 is not altered by the presence of phys- 
iological concentrations of coagulation factor XI or the vitamin K-dependent factors 
that play a role in the targeting of HAdV-5 to the liver. Although MAdV-1 does bind 
to the factor XI, contrary to HAdV-5, the binding does not result in cell attachment. 
Consequently, the targeting of MAdV-1 to the liver is significantly lower than for 
HAdV-5.!88 

A MAGV-1 vector carrying a deletion in the CR2 region of E1A (dlE102) has 
been shown to be an excellent oncolytic AdV system that can help in understanding 
the mechanism of the action of oncolytic AdVs in an immunocompetent host.!®° The 
ability to replicate in an immunocompetent host is particularly noteworthy as most 
of the oncolytic AdV vectors based on HAdV-5 cannot replicate in mouse tissue, 
and, therefore, their safety and efficacy cannot be adequately evaluated. The dIE102 
virus replicates efficiently in murine tumor cells but its replication is attenuated 
in nontransformed cells. In addition, it demonstrates potent antitumor activity in 
an immunocompetent xenograft tumor model.!8? A feasible approach to arm the 
d1E102 virus with an immunomodulatory molecule has further enhanced its antitu- 
mor efficacy.'8? MAdV-1 has also been used as a model for understanding the patho- 
genic mechanisms of pediatric myocarditis!°°-!°! and acute respiratory infection!% 
caused by AdVs. 
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4.7 Avian Adenovirus-Based Vectors 


Several AdVs have been isolated from birds including fowl (FAdV), falcon (FaAdV), 
goose (GoAdV), ducks (DAdV), and turkey (TAdV). Most of these viruses are 
included under the genus Aviadenovirus and grouped in to four serotypes (FaAdVs 
A-E, GoAdV A, DAdV A, and TAdV B). Duck AdV A, AdV 127, and egg drop syn- 
drome 76 virus, which is also known as duck AdV 1 (DAdV-1), are included under 
the genus Atadenovirus based on their unique genomic and structural characteristics. 
These viruses are serologically distinct from other AdV genera and infect only birds. 

The complete nucleotide sequences of five Aviadenovirus species (FAdV-1, FAdV- 
4, FAdV-8, FAdV-9, and TAdV-1) have been determined. !°-19%4 The genomes of aviad- 
enoviruses are 20-45% larger than other AdVs and range in size between 43,804 and 
45,667 bp. Furthermore, the genome organization of aviadenoviruses is distinct com- 
pared with other AdVs and contains a high G+C content (ranging from 50% to 67%). 
The virions from FAdV-1, FAdV-4, and TAdV-1 contain two fibers per penton base!?° 
while genomes of aviadenoviruses lack the genes encoding E1, E3, V, and IX proteins. 
The aviadenovirus genomes contain several uncharacterized transcription units at the 
right end that are unique to this genus.!%° 

FAdV-based vectors devoid of GAM-1 have been created using homologous 
recombination in E. coli with cosmid-based approaches followed by transfection in 
permissive Leghorn male hepatoma cells. Three aviadenoviruses (FAdV-1, FAdV-8, 
and FAdV-10) have been evaluated as gene delivery vectors for vaccination. A FAdV- 
10 vector containing the VP2 gene from the Australian classical strain 002/73 of 
infectious bursal disease virus (IBDV) has been generated.!%” Vaccination of specific 
pathogen-free chickens with this FAdV10-based vaccine induced VP2-specific anti- 
bodies that protected chickens against challenge with the IBDV V877 strain. A FAdV- 
1-based vector has been evaluated for cancer gene therapy and demonstrated efficient 
transduction of several human cells including HepG2, A549, and primary human der- 
mal fibroblasts.!°° In another study, a FAdV-8-based vaccine was developed against 
infectious bronchitis virus (IBV) after incorporating the spike peplomer S1 subunit 
from the IBV Vic S strain under the control of the FAdV major late promoter.!°? Using 
this FAdV-8 vector-based vaccine, immunization of commercial broiler chickens 
induced S1-specific antibody responses and conferred protection against challenge 
with either Vic S (serotype B) or N1/62 (serotype C) strains of IBV. A FAdV-8 vector 
expressing cytokines including chicken IFN-y has been developed and evaluated to 
enhance the immunogenicity of vaccines in chickens.2° 


5. Concluding Remarks 


A number of nonhuman AdVs including simian (SAdV), bovine (BAdV), porcine 
(PAdV), canine (CAdV), ovine (OAdV), murine (MAdV, and fowl (FAdV) are at var- 
ious stages of development as gene delivery systems for recombinant vaccines and 
gene therapy applications. In addition to effectively circumventing preexisting HAdV 
immunity, these nonhuman AdV vectors can utilize a number of other receptors in 
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addition to CAR for vector internalization, thereby expanding the range of cell types 
that can be targeted. The safety aspects of these vectors appear to be similar to or 
better than HAdV vectors. In addition to their utility for human applications, nonhu- 
man AdV vectors also provide excellent platforms for veterinary vaccines. A specific 
nonhuman AdV vector when used in its species of origin could provide an excellent 
animal model for evaluating the efficacy and pathogenesis of these vectors. 

The mechanism/s of activation of innate immunity including TLR expression by 
nonhuman AdVs needs to be determined to fully explore their potential as gene deliv- 
ery systems. These vectors will be useful in prime—boost approaches with other AdV 
vectors or with other gene delivery systems including DNA immunization or other 
viral or bacterial vectors. In situations where multiple vector inoculations are required 
for a desired effect, nonhuman AdV vectors could supplement HAdV or other viral 
vectors. Only SAdV vectors can be grown in certified human cell lines that are used 
for HAdV replication and purification; therefore, there is a need to certify a number 
of other cell lines that are suitable for growing and purifying other nonhuman AdV 
vectors. To fully exploit the desired impact of using nonhuman AdVs, further changes 
in nonhuman AdV vector design will be necessary. 
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Adenoviruses: Exploiting Virus 
Diversity for Improved Vectors, 
Vaccines, and Oncolytics 
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1. Bedside to Bench: Viral Chimerism as a Tool for 
Addressing Challenges of Adenovirus-Based 
Therapeutics and Vaccines 


Recombinant adenoviruses (Ads) represent a drug platform that offers various oppor- 
tunities for applications in prevention or treatment of major medical problems, includ- 
ing infectious diseases and cancer. Ads have been developed and clinically explored 
as vectors for gene therapy and genetic vaccination or as oncolytic viruses.!~> These 
diverse medical applications of a single virus family are owing to outstanding knowl- 
edge of the Ad structure, genome organization, and replication cycle and to the devel- 
opment of advanced technologies for engineering of recombinant Ads. In fact, using 
Ad as a model organism in molecular biology research has revealed fundamental 
genetic processes of eukaryotes, such as gene splicing as well as mechanisms of DNA 
replication and transcription. Also, recombinant Ad vector technology is a widely 
used laboratory tool for gene transfer and recombinant protein expression. For these 
purposes, the most widely used Ads have been species C Ads, especially Ad serotype 
5 (HAdV-5). Therefore, it is no surprise that also previous medical applications have 
nearly exclusively exploited HAdV-5.'~>:7 Comprehensive strategies of HAdV-5 engi- 
neering have been pursued: the replacement of essential viral genes with heterologous 
genes for gene therapy and genetic vaccination!; mutations of viral genes estab- 
lishing tumor-targeted replication competency for viral oncolysis*; genetic insertion 
of peptide ligands into the virus capsid for improved cell entry’; and the insertion of 
promoter elements or other regulatory elements for targeted expression of therapeutic 
or viral genes in gene therapy or viral oncolysis, respectively.? 

Extensive clinical studies of Ad-based gene therapy, vaccination, and oncolysis have 
demonstrated that therapeutic Ads are well tolerated by patients, and also revealed key 
roadblocks that need to be overcome to achieve clinical efficacy: For potent and safe 
medical applications, therapeutic Ads should be efficiently and possibly specifically 
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delivered to a certain target tissue or cell. However, blood components (e.g., neutral- 
izing antibodies and blood coagulation factors) as well as anatomical (e.g., extracel- 
lular matrix) and physiological barriers (e.g., high tissue pressure) cause unfavorable 
viral biodistribution after systemic applications.'!> Moreover, the HAdV-5 receptor 
is expressed on healthy tissues, resulting in virus sequestration and toxic side effects. 
In contrast, the receptor is absent or marginally expressed on several tissues that ther- 
apeutic Ads should target, including hematopoietic and tumor cells, limiting thera- 
peutic efficacy. Finally, replication and lysis of tumor cells should be improved for 
oncolytic Ads. 

Educated by results from clinical studies, researchers back at the bench can once 
more benefit from the noted exceptional opportunities of Ad engineering to develop 
new generations of improved therapeutic viruses. In this context, Ads offer an addi- 
tional opportunity: The availability of a high and growing number of serotypes 
infecting humans or animals,° not available for most other viruses used in medical 
applications. These serotypes possess similar structures and genome organizations, 
but offer distinct features with respect to cellular receptors, immunogenicity, and 
replication, hence representing a reservoir of structural and functional modules for 
therapeutic applications. Importantly, the availability of a large number of natural Ad 
serotypes enables the generation of chimeric Ads. 

Virus chimeras contain genetic and/or structural components originating from 
different virus serotypes, species, or families. They are engineered by genetically 
exchanging regulatory sequences, whole coding sequences or parts thereof; by com- 
plementing proteins; or by genetically or physically inserting heterologous virus 
genomes into other virus genomes or particles. Chimeric viruses have been previously 
used in basic research to reveal mechanisms of viral replication, virulence factors, and 
transformation mechanisms (see Bowser et al. for discussion and references).!° Virus 
chimerism is an attractive strategy for developing improved therapeutic viruses!! as 
documented by a remarkable variety of chimeric Ads that have been engineered and 
characterized in preclinical and clinical studies. 

The following sections of this chapter describe different strategies for engineering 
of chimeric Ads and how they offer solutions for major challenges in Ad gene therapy, 
vaccination, and oncolysis. After explaining general strategies of capsid engineering 
(Section 2), we follow the virus’ application route through the bloodstream to and 
into the target cell (Sections 3—6). We then discuss chimeric Ads that deliver virus 
genomes (Section 7) and address how Ad chimerism can be combined with further Ad 
engineering strategies (Section 8). Finally, we conclude with an outlook (Section 9). 


2. General Strategies for Engineering of Chimeric 
Ad Capsids 


Ads possess a protein capsid built of the major proteins hexon, penton base, and fiber, 
and of further stabilizing minor or “cement” proteins. The 240 hexon trimers build 
the icosahedric protein shell; 12 trimeric fibers protrude from the capsids vertices 
linked to the hexons via a pentameric penton base (Figure |). The hexon, fiber, and 
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Figure 1 Adenovirus chimerism. Different shades of gray symbolize the different origins of 

the respective virus protein, protein domain, or genetic element (with permission, modified after 
Kaufmann and Nettelbeck).!! Top left panel: For targeting and biodistribution purposes, the Ad 
fiber is modified. The knob domain, responsible for primary receptor recognition, and the shaft 
can be exchanged individually or in combination (fiber chimerism). Alternatively, the entire fiber 
molecule can be exchanged. Furthermore, the knob domain can be swapped with heterologous 
sequences (fiber replacement). Finally, Ads can contain two different fibers (mosaicism), and in this 
scenario any combination of modified or wild-type fibers is possible. Top right panel: Ads can be 
used for delivery of virus genomes or replicons. In this strategy, viral DNA encoding for a different 
virus or replicon is incorporated into the Ad vector genome. Middle panel: Chimerism on the level 
of noncapsid proteins is shown for promoter and enhancer chimerism to regulate E1A expression, 
the driving force of Ad replication. Bottom panel: The second major capsid protein, hexon (an 
outline of the upper part of the side view of the hexon trimer is shown), is modified to evade preex- 
isting immunity or blood coagulation factors that influence biodistribution in vivo. Either the com- 
plete hexon or only the protruding parts, also called hypervariable regions (HVRs), are exchanged. 
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penton base proteins, or certain domains of these proteins, represent candidate capsid 
modules feasible to be switched between Ad serotypes. 

The fiber trimer is responsible for binding the attachment receptor on the host cell. 
Each fiber monomer consists of an N-terminal tail domain, a central shaft domain, 
and a C-terminal globular knob domain (Figure 1, top left panel). The tail domain 
interacts with the penton base, the trimeric knob is responsible for receptor binding, 
and the shaft domain determines accessibility of the knob domain for cell binding 
as a result of varying length and rigidity.®!>!3 Besides this variation, the fiber is 
structurally conserved between Ad serotypes, even if they use different receptors. In 
consequence, structurally stable chimeric Ads possessing heterologous fibers or fiber 
domains can be engineered in order to redirect cell binding (see Section 5) and also 
to avoid virus sequestration triggered by interactions with blood components (see 
Sections 3 and 4). 

Exchange of the complete fiber protein is feasible (Figure 1, top left panel; Sections 
3-5) because the tail domain is highly conserved between Ad serotypes. Technically, 
fiber exchange can be achieved by protein complementation or exchange of the fiber 
gene in its entirety. More frequently, however, individual fiber domains, that is, the 
knob and/or shaft, have been switched (Figure 1, top left panel; Sections 3-5), gen- 
erating stable chimeric fiber proteins. For some serotype combinations, this strategy 
might be superior, since it was shown that conserving the natural fiber—hexon interac- 
tion (by retaining the fiber tail domain) can result in superior fiber incorporation into 
virus particles.'* A similar approach takes capsid chimerism beyond the Ad world by 
replacing the knob and shaft domains with structurally similar domains of the capsid 
protein ol of reovirus, a nonrelated RNA virus (Chapter 5). Notably, chimeric Ads 
that possess two distinct fibers, termed “mosaic Ads” (Figure |, top left panel), have 
been engineered by genetic and coinfection approaches (Section 5,!5 and references 
therein). 

The penton bases structurally link the fiber proteins to the hexons. They trigger 
virus cell entry and disassembly via an interaction between their flexible RGD pep- 
tide-containing loops and cellular integrins, which function as secondary receptors. 
Exchange of the penton base together with the fiber was explored for improving Ad 
entry (see Section 5). Furthermore, capsid chimerism by penton base exchange was 
pursued to evade inactivation of the virus by innate host factors (Section 4). 

Capsid chimeric Ads have also been generated by hexon exchange or by hexon 
chimerism via replacement of hypervariable regions (HVRs) (Figure 1, bottom panel). 
Representing the major capsid protein, hexon has been shown to be the main antigenic 
component of Ad particles'®!® and to interact with further blood components (see 
Section 4). Thus, hexon exchange or chimerism is being pursued to evade neutralizing 
antibodies that would otherwise recognize the parental vector (Section 3) and to avoid 
virus sequestration mediated by blood components (Section 4). 

Another application of Ad capsid chimerism is the insertion of viral immuno- 
genic epitopes into the Ad capsid for vaccination purposes, as shown for epitopes 
of HIV, enterovirus 71, or heterologous Ads.!°-?? Although we will not discuss this 
further in this chapter, we would like to point out the conceptual difference of this 
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approach to genetic vaccination, for which Ad vectors are engineered to encode the 
antigenic proteins that are produced as transgenes in infected cells. 


3. Chimeric Ad Capsids for Evasion of Neutralizing 
Antibodies 


Most therapeutic modalities using Ads in vivo, whether aiming at gene therapy, 
vaccination, or oncolysis, rely on the injection of the virus into patients followed 
by homing of the virus to a certain target cell or tissue. Especially after systemic 
injection, this viral biodistribution is not solely determined by receptor usage. 
Before the virus reaches the target cell, it must overcome various barriers, the 
most prominent of which are blood components, such as coagulation factors, and 
preexisting antibodies. Both were shown to sequester the virus and trigger toxic 
side effects. 

A major hurdle for systemically injected HAdV-5-based therapeutic Ads is the pre- 
existing humoral immunity in a high percentage of the human population resulting 
from natural infections. Moreover, many applications depend on multiple sequential 
applications of therapeutic Ads, where readministered viruses will definitely face neu- 
tralizing antibodies induced by the initially applied viral dose(s). In both scenarios, 
neutralizing antibodies bind the therapeutic Ads, strongly reducing their active dose 
and causing harmful immune effects. In addition to pharmacological immunosup- 
pression and sequential use of Ad vectors or viruses built from different serotypes 
Ad chimerism is an attractive strategy for avoiding neutralizing antibodies. Exchang- 
ing immunodominant epitopes of a single parental virus with those of several non- 
cross-reactive Ad serotypes can generate a panel of viruses that feature the identical 
therapeutic mode of action for individualized or sequential therapy while evading the 
patients’ neutralizing antibody responses. 

As noted above, the major capsid protein hexon represents the main antigenic 
component of Ads with the HVRs being the immunodominant epitopes.!!* Corre- 
spondingly, exchange of the whole hexon protein or hexon chimerism by switching 
HVRs has been explored, indeed demonstrating evasion of HAdV-5 neutralizing 
antibodies.!”?3?4 However, exchange of the whole hexon protein may result in 
reduced virus particle titers, most likely due to tempering with the structural integ- 
rity of the mixed-serotype capsid.!” Thus, the number of serotype combinations that 
can build functional virus chimeras is limited. Another issue to be considered in 
the context of hexon chimerism is the number of discontinuous HVRs (seven for 
HAdV-5), because neutralizing antibodies were shown to target several if not all 
of them.!® Consequently, each of the HVRs should be switched to realize maximal 
immunoevasion. Hexon chimeras have been generated using HVRs of low sero- 
prevalence subgroup D Ad serotypes HAdV-487>?8 or HAdV-43,”? demonstrating 
reduced inactivation by neutralizing antibodies in vitro and in vivo. In fact, a clin- 
ical study evaluating a HAdV-5/48 HIV vaccine vector demonstrated that the chi- 
mera is well tolerated, triggers anti-HIV antibody and T cell responses, and also 
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induces neutralizing antibodies specific for HAdV-5 and even more so for HAdV- 
4830 (NCT00695877). 

In addition to the hexon protein, the fiber protein contributes to Ad immunoge- 
nicity.*’>!>? Of interest, fiber chimeras were reported to facilitate immunoevasion of 
Ads, even though the fiber is less immunodominant than the hexon. One study demon- 
strated that a fiber chimera generated by switching the knob of an HAdV-5 vector 
with the HAdV-3 knob (Ad5/3) shows superior transduction of lung tumors in mice 
preimmunized with HAdV-5.°? 

For immunoevasion purposes, chimerism technology exploiting Ads that naturally 
infect animal hosts is especially appealing because the majority of humans should be 
naive to these viruses.’ This strategy is called “xenotype switching” and has been 
investigated using fiber chimerism as an example. To this end, an HAdV-5 vector has 
been equipped with the fiber shaft and knob domain of the bovine Ad BAdV-4 (named 
Ad5FB4), successfully resulting in evasion of neutralizing antibodies.** 

Note that strategies exploring fiber chimerism for evasion of neutralizing immune 
responses need to consider receptor binding of the resulting chimeric Ad (see Section 5). 
Of interest, for both examples noted above, Ad5/3 and Ad5FB4, receptors are over- 
expressed on tumor cells (see Section 5). Therefore, these chimeras address two chal- 
lenges by one engineering strategy: neutralizing antibodies and unfavorable virus 
receptor expression. 

Considering that neutralizing antibodies target both hexon and fiber proteins, opti- 
mal immunoevasion of therapeutic Ads is expected from viruses combining modifica- 
tions to both proteins. In fact a double hexon/fiber chimera has been generated on the 
basis of this hypothesis: Near-complete evasion of neutralizing antibodies was shown 
in vitro and in an animal model for an HAdV-5-based vector built of a hexon chimera 
containing HAdV-48 HVRs plus a fiber “xeno-” chimera with a knob domain derived 
from the chimpanzee SAdV-25.77 


4. Chimeric Ad Capsids for Improved Viral 
Biodistribution: Evasion of Blood Coagulation and 
Innate Immune Factors 


Preclinical in vivo studies with HAdV-5-based therapeutic Ads revealed that systemi- 
cally applied viruses are rapidly cleared from the bloodstream as the majority of viruses 
are sequestered in the liver.*> Since natural Ad infections are not bloodborne, studies with 
Ad vectors needed to reveal the underlying mechanism. It turned out that HAdV-5-based 
vectors are captured by hepatocytes, resulting in their transduction,’ and by resident 
macrophages (Kupffer cells), leading to virus phagocytosis and degradation.*’ Thus, 
liver-targeted gene transfer by Ad vectors is efficient, while effective virus doses for 
extrahepatic target sites are substantially reduced after systemic injection. At the same 
time, liver toxicity turned out to be the major clinical side effect of systemic Ad thera- 
pies.*> Both hepatocyte transduction and phagocytosis by macrophages were revealed 
to be mostly independent of binding to the HAdV-5 attachment receptor CAR.*°~? A 
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hallmark discovery that established the foundation for manipulating Ad biodistribution 
was the identification that blood coagulation factors mediate hepatocyte transduction. 
Initial studies indicated that the blood coagulation factor IX (FIX) and the complement 
factor C4BP bridge the HAdV-5 knob to hepatocyte heparin sulfate proteoglycans.*> A 
subsequent study revealed a role for the hexon protein in hepatocyte transduction with 
coagulation factor FX as bridging factor.” This came as a surprise, as hexons were 
previously not reported to possess functions in virus attachment. 

Identification of the mechanism of hepatocyte transduction by HAdV-5, together 
with the discovery that hexons of several Ad serotypes do not bind to FX,” was the 
rationale used for the engineering of therapeutic Ads with exchanged or chimeric 
hexon, aiming at detargeting of viruses from the liver and thereby increasing effec- 
tive virus doses for extrahepatic target tissues. The original study?’ already showed 
that HAdV-5-based vectors with hexon chimeras containing HVRs of HAdV-48 that 
does not bind FX possess reduced hepatocyte transduction capacity in vitro and 
in vivo. Subsequently, the amino acids responsible for the HAdV-5 hexon—FX inter- 
action were more precisely specified*+ and several chimeric Ads with HVR or hexon 
exchange demonstrated reduced liver transduction and toxicity.2°78*+~° However, 
when engineering liver-detargeted chimera one must bear in mind that increased 
virus doses are made available not only for target tissues, such as tumors, but also 
for other healthy organs. Indeed, one study showed increased off-target transduction 
of the spleen, triggering unfavorable side effects.*° Moreover, intravenous injection 
of the HAdV-5/48 chimera was reported to trigger increased serum transaminases 
and liver infiltration by immune cells despite reduced hepatocyte transduction and 
diminished uptake by Kupffer cells.” Another concern was that ablating FX binding 
would not only reduce binding to the liver but also the transduction of target tissues, 
as shown for tumors in one report.*® Whether this is a concern for applications is 
still being discussed, because other studies with hexon-chimeric or hexon-exchanged 
oncolytic Ads confirmed in different tumor models that reduced liver toxicity 
resulted in an increased maximum tolerated dose as well as retained or increased 
antitumor activity.2°* 

Unproductive uptake of Ads by Kupffer cells is mediated by scavenger recep- 
tors.3”4 First studies indicate that hexon HVRs are responsible for the interaction 
of Ads with scavenger receptors.*”*? Of importance for engineering therapeutic Ads 
is the observation that Ad serotypes differ also with respect to their scavenger recep- 
tor-binding properties.*? Thus, by engineering hexon-chimeric viruses yet another 
roadblock to systemic Ad application might be overcome. 

Recently, it was demonstrated that defensins, innate immune factors that inactivate 
bacteria and viruses by various diverse mechanisms," can inhibit virus uncoating 
after uptake into target cells by stabilization of the penton base—fiber interaction.’ !5? 
Importantly, defensin-insensitive Ad species, such as HAdV-19c, can be exploited for 
preventing inactivation of sensitive Ads, like HAdV-5: Complete defensin resistance 
was obtained by replacing both the penton base and the defensin-binding tetrapeptide 
of the HAdV-5 fiber with the corresponding sections of HAdV-19c.>!°? Such chimeric 
Ads might offer advantages for therapeutic applications by circumventing inactivation 
by defensins produced by blood or intestinal cells. 
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5. Chimeric Ad Capsids for Improved Viral Cell 
Binding and Entry 


Therapeutic Ads that have overcome inactivation and sequestration by soluble blood 
factors and homed to target tissues face yet another barrier to therapeutic efficacy, 
which is at the cellular level: effective entry into target cells is strongly determined by 
cellular receptor expression. Indeed, expression of the HAdV-5 receptor in humans 
represents a major limitation for several applications of HAdV-5-based vectors. 
Widespread expression of the receptor facilitates transduction of many different 
target tissues, but also causes virus sequestration and undesirable side effects.** On 
the other hand, receptor expression turned out to be weak in many therapeutic target 
cells, including hematopoietic cells and most cancer cells, whether in situ or freshly 
purified.»°’ Accordingly, virus tropism has been engineered to achieve improved 
efficiency and/or specificity of therapeutic Ads at the level of direct cell binding. Strat- 
egies that have been pursued to this end include genetic and physical ablation of native 
tropism, genetic insertion, or physical addition of cell-binding ligands* and capsid 
chimerism further discussed here. 

Cell binding and entry of chimeric Ads, as described in this section, has been 
explored early on due to the relative ease of investigation in established cell culture 
models. However, at this point it must be noted that a higher complexity was observed 
in in vivo models. This includes the activity of soluble blood factors as attachment 
factors described in the previous section and the revelation that tumor cells in situ 
or freshly purified, in contrast to established tumor cell lines, lack expression of or 
weakly express the HAdV-5 receptor.” 57 

The cell-binding fiber protein of Ads is structurally conserved between serotypes, 
yet different attachment receptors are used. This feature was supported by competition 
experiments in the first study using a chimeric fiber protein containing the HAdV-5 
tail and shaft genetically linked to the HAdV-3 knob.°* A consecutive study generated 
the corresponding fiber chimeric virus HAdV-5/3 and showed that receptor specific- 
ity was switched. Thus, Ad transduction can indeed be altered by fiber chimerism.*? 
While these studies explored basic mechanisms of Ad biology, the fact that the chime- 
ric virus possessed a markedly increased cell entry potency for primary cells pointed 
at the impact of capsid chimerism for therapeutic applications of Ads. In fact, a later 
study demonstrated an impressive three orders of magnitude increase in transduction 
of primary melanoma cells by HAdV-5/3 fiber chimerism.°° Following the develop- 
ment of HAdV-5/3 chimeras, fiber chimeras with the knob domain of HAdV-35°! and 
of several other serotypes have been explored for transduction of many target cell 
types. 

A slightly different approach to fiber chimerism is the replacement of the shaft 
domain in addition to the knob domain (first developed by Shayakhmetov and Lieber).6? 
As the shaft domain differs in length and flexibility between Ad serotypes, this strategy 
is not only technically but also functionally distinct. In fact, Ad transduction can be 
modified by changing the fiber shaft and thereby the accessibility of the knob domain 
for receptor binding.!>6%>63 For example, this was convincingly demonstrated by a 
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strong increase of the transduction ratio tumor/liver, when the HAdV-5 fiber shaft was 
replaced by the considerably shorter shaft domain of the HAdV-3 fiber.°* 

As noted in Section 2, exchanging the complete fiber protein is an alternative to 
engineering chimeric fibers in cases where the interaction of penton base with the 
heterologous fiber tail allows incorporation of the fiber into virus particles.!° By this 
approach, enhanced transduction efficiency and/or therapeutic activity has been shown 
for HAdV-5-based vectors with fibers from HAdV- 16, -35, or -50.°:°° 

Exchange of both fiber and penton proteins of HAdV-5 has been investigated in 
an effort to increase smooth muscle cell (SMC) transduction via CD46, the recep- 
tor for HAdV-35.°” Pseudotyping HAdV-5 with both proteins of HAdV-35 resulted 
in increased gene transfer into SMCs in cell culture and in human saphenous veins 
ex vivo, when compared to parental HAdV-5 or HAdV-35 vectors or to a chimera con- 
taining only the HAdV-35 fiber. It remains to be determined whether this approach, 
being dependent on a heterologous hexon—penton interaction, is superior with respect 
to capsid stability to the strategies described above that depend on either heterologous 
penton base-fiber interactions or chimeric fiber proteins. 

Opportunities for tropism modification of therapeutic Ads are extended by exploita- 
tion of Ad serotypes that naturally infect animal hosts. In addition to avoiding fiber-di- 
rected neutralizing antibodies (see Section 3), this “xenotype” switching can also 
redirect Ads to novel receptors. For example, fiber chimeric Ads that contain the shaft 
and knob domain of bovine BAdV-4 are attractive agents especially for cancer therapy. 
This is because the BAdV-4 fiber components, beside their immunoevasion activity,>* 
mediate cell entry via binding to proteins of the B7 family, which are overexpressed 
in dormant cancer cells.°* Further examples for improving transduction properties of 
Ads by “‘xenotype switching” are chimeric Ads with canine CAdV-2 knob®? or ovine 
OAdV-7 fiber.”° 

Taking this concept even further, receptor-binding capsid proteins from distant 
viruses can be displayed by Ad-based virus chimeras. Reoviruses are distant nonen- 
veloped RNA viruses that contain the capsid protein ol, which is structurally similar 
to the Ad fiber. Fusion of the near-complete o1 protein to the fiber tail was feasible 
and the resulting virus HAdV5/o1 could be successfully rescued.”!7? This chimera 
preferentially infects mucosal and dendritic cells (which express the reovirus receptor) 
and is therefore an attractive tool for vaccination strategies. 


With a few exceptions (see Section 8), human Ad particles contain 12 copies of 
identical fiber trimers. Chimeric viruses have been generated to contain two distinct 
fiber genes (Ref. 15 and references therein) in order to enhance infectivity and expand 
tropism, aiming at better transduction of tumors composed of heterogeneous cell 
types. These “mosaic” Ads were obtained in two ways: (i) by engineering of the virus 
genome to contain two fiber genes and (ii) by coinfection of cell cultures with two 
viruses containing different fiber genes. However, at this point it is difficult to predict 
and control the ratio of the different fiber trimers in the resulting mosaic virus particle, 
although several factors have been proposed to influence the incorporation stoichiom- 
etry, for example, the choice of fiber tail domains, the relative expression efficacy of 
the two fiber proteins, or their stability. !5 
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Having multiple strategies of virus engineering established, Ads have the compelling 
advantage as therapeutic agents that several of these strategies can be combined in a modular 
way to overcome different roadblocks to Ad efficiency in patients (see also Section 8). An 
example is a multichimeric oncolytic Ad that combines enhanced infectivity by HAdV-5/3 
fiber chimerism with liver detargeting by exchange of the HAdV-5 with the HAdV-3 
hexon.* This double chimera was shown to possess potent antitumor activity in an ovarian 
cancer model. Importantly, compared with the control virus, liver tropism was reduced by 
approximately 3 orders of magnitude while tumor infection was strongly increased. 

Engineering receptor interactions of therapeutic Ads by capsid chimerism has 
mostly focused on enhancing binding and entry into target cells. However, it must 
be noted that manipulating blood cell binding might also improve biodistribution 
of Ads after systemic application. Especially, erythrocyte binding is of concern, as 
erythrocytes bind large fractions of injected HAdV-5.’? HAdV-5 binds to erythrocytes 
directly via fiber:receptor interactions or indirectly via antibodies (see Section 3) and 
complement (see Section 4) as bridging factors.’* As Ad serotypes differ in their eryth- 
rocyte-binding properties, as shown for HAdV-5, HAdV-37, and CAdV-2,”° virus chi- 
merism offers an opportunity to ablate blood cell binding. 

The technology for manipulating Ad tropism by fiber exchange or chimerism has 
been applied for the design of several therapeutic viruses that are in preclinical and 
clinical development. The great majority of clinical studies exploring therapeutic Ads 
have used HAdV-5-based vectors that were attenuated by deletion of essential genes 
(gene therapy, genetic vaccination) and by mutation or selective expression of viral 
genes (oncolysis). With respect to Ad safety in patients, capsid chimerism constitutes 
an added level of complexity, because the resulting viruses possibly bind to or even 
infect cells that parental viruses would not affect. Therefore, it is encouraging that 
several different oncolytic Ads with chimeric HAdV-5/3 fiber have been well toler- 
ated by patients suffering from various cancers after systemic or local injection.”°*? 
Although these studies were not powered to assess therapeutic efficacy, indications 
of virus replication and tumor marker responses were observed in individual patients. 
Based on these case studies, more extensive clinical trials of capsid chimeric oncolytic 
Ads have recently been initiated. 

As we discuss in the next section, virus chimerism can also be exploited to improve 
replication of oncolytic Ads after tumor cell entry. Of note, postentry processes must 
be considered also when engineering the virus capsid. This is because switching 
receptor binding may alter intracellular virus trafficking. For example, exchange of the 
penton base was speculated to improve gene transfer into SMCs because of improved 
intracellular trafficking.®’ Virus rerouting to destructive cell compartments or exocy- 
tosis following enhanced binding and entry was demonstrated for both the HAdV-5/7 
chimera with exchanged fiber and the fiber chimeric HAdV-5/35 virus (containing 
the shaft and knob domain of the HAdV-35 fiber).°!:83-85 Interestingly, aberrant intra- 
cellular trafficking of the HAdV-5/35 chimera was also revealed as a mechanism 
responsible for a strongly reduced liver transduction even in the presence of blood 
coagulation factors.8> Another important consequence of redirected intracellular traf- 
ficking, resulting from modified recognition by cellular pattern recognition receptors, 
is that capsid chimeric Ads can trigger an altered immune response.®°-°7 
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6. Beyond the Capsid: Chimerism of Regulatory Proteins 
and Genomic Elements by Rational Engineering or 
Directed Evolution 


Having discussed strategies to overcome roadblocks for therapeutic Ads during 
biodistribution and cell binding by switching structural modules, we now discuss 
virus chimerism to improve therapeutic Ads at the postentry level (Figure |, mid- 
dle panel). This is relevant for oncolytic viruses that should achieve optimal repli- 
cation in tumor cells, which can considerably differ from natural Ad host cells 
with respect to metabolism, cell signaling, and gene expression profile. Thus, 
there is a window of opportunity for improving the efficiency of tumor cell lysis. 
Again, the panel of Ad serotypes provides a natural library of virus functions, 
determined by gene or genome modules that can be switched to improve oncolytic 
Ad replication. 

Two technological approaches have been pursued and are described in the fol- 
lowing: (i) rational engineering and (ii) directed evolution by bioselection. In contrast to 
all viruses noted in previous sections, which were based on HAdV-5, both viruses 
discussed in this section are based on HAdV-11p. Like HAdV-3 and HAdV-35, 
this virus belongs to species B Ads, which use different receptors than species C 
HAdV-5. 


One study compared HAdV-11p with HAdV-5, because HAdV-11p uses receptors 
upregulated on many tumor cells, CD46 and desmoglein-2, and has low seropreva- 
lence in the human population.** The authors observed superior entry of HAdV-11p 
into tumor cells. Strikingly, however, this did not result in improved cell killing 
for several cell lines. For these cells, cell killing by HAdV-11p is restricted by expres- 
sion levels of E1A, which were much lower than those of HAdV-5. By switching 
the E1A promoter and enhancer of HAdV-11p with the corresponding sequences 
of HAdV-5 (Figure 1, middle panel), E1A expression in tumor cells was indeed 
strongly increased. As a consequence, the HAdV-11p/5 chimera possessed enhanced 
oncolytic activity in cell cultures and animal models. This study demonstrates that 
several favorable properties of different Ad serotypes, here reduced immune neutraliza- 
tion and efficient cell entry of HAdV-11p and potent expression of E1A by HAdV-5, 
can be combined in one therapeutic agent by linking the corresponding functional 
genomic modules.*® 

Directed evolution of oncolytic viruses with improved properties is an attractive 
alternative to rational virus design. This has been established for Ads by random 
chemical or biological mutagenesis and bioselection in relevant cell cultures or animal 
tumor models.8?-> An alternative fascinating strategy, which has already provided 
a chimera that progressed to clinical applications, exploits Ad serotype diversity: A 
complex library of chimeric Ad genomes was generated by random natural recombi- 
nation in cells after high titer coinfection.°* This library was used for bioselection of 
efficiently replicating chimeras in colon cancer cell cultures. One selected candidate 
virus, termed ColoAd1, was further characterized, demonstrating increased potency 
and selectivity than the parental viruses in vitro and in vivo. Analysis of the chimeric 
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genome revealed that the virus is based on serotype HAdV-11p, but possesses dele- 
tions in the early genes E3 and F4 and a chimeric E2B region containing sequences 
of HAdV-3. Such a combination would most likely not have been identified by ratio- 
nal design. Correspondingly, the mechanisms underlying the improved features of 
ColoAd1 remain obscure. E3 and E4 genes encode proteins of various functions in 
virus replication and modulation of host cell activities, one example being evasion of 
host defense mechanisms. The E2B region encodes the viral DNA polymerase and 
the preterminal protein pTP, responsible for priming of DNA replication and associa- 
tion with the nuclear matrix. Therefore, one can speculate that ColoAd1 implements 
molecular virus—host interactions optimized for tumor cells. Alternatively, as discussed 
by the authors of the study, the chimeric pTP—DNA polymerase complex might have 
an increased affinity toward the viral origin of replication.°* Of note, ColoAd1 also 
possesses the beneficial features of the HAdV-11p capsid described above. Indeed, a 
recent study demonstrated evasion of inactivation by human serum and a dramatically 
reduced inactivation by whole human blood in comparison with HAdV-5.° A clinical 
study of systemically injected ColoAd1 for treatment of disseminated cancer has been 
initiated.°° 

Both HAdV-11p/5 and ColoAd1 chimeras represent promising pioneers for engi- 
neering of potency-enhanced oncolytic viruses for two reasons: (i) they are based on a 
different serotype than the “standard” HAdV-5 and (ii) they result from the exchange 
of nonstructural sequences. 

Furthermore, regulatory nucleotide sequences from distant heterologous viruses 
have been inserted into Ad vectors to enable the expression of multiple proteins from a 
single promoter, including internal ribosome entry sites, derived from encephalomyo- 
carditis virus and others, and 2A sequences for skipping peptide bonds during protein 
translation, as present, for example, in the insect virus Thosea asigna (Ref. 97 and refs 
therein). These elements allow for economical usage of genomic vector space and tem- 
poral or spatial regulation of the expression of two proteins from the same promoter. 


7. Chimeras of Ads and Viruses of Other Families for 
Delivery of Viral Genomes 


Several properties of Ads, such as particle stability, efficient transduction mechanism, 
capacity for insertion of large heterologous DNA sequences, and ease of genetic 
manipulation, have boosted their application as vectors in therapeutic gene transfer 
and genetic vaccination. The development of Ad-based vectors has been extended to 
the delivery of complete viruses/vectors genomes (resembling a genetic Matryoshka 
doll, Figure 1, top right panel). Here, virus chimerism is advanced from individual 
elements or proteins to whole genomes, thereby linking advantages of Ads for delivery 
of genetic material with advantageous features of other viral vectors for several thera- 
peutic approaches as described in the following. 

First, stable gene transfer using Ads, whose episomal genomes are otherwise lost 
in proliferative tissues over time, was established by insertion of an episomally stable 
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Epstein Barr virus vector.°* A second application is the delivery of replicons that 
trigger improved vaccination or increased gene transfer efficiency, as shown using 
an alphavirus replicon encoding a swine fever vaccine antigen or GFP.°9-!°! Simi- 
larly, a chimeric Ad-hepatitis B virus (HBV) vector was engineered for enhanced 
and specific delivery of a matrix protease to cirrhotic liver.!°? The HBV vector 
genome, shuttled by Ad into the liver, circumvents superinfection exclusion, yet 
allows for liver-specific trans-complementation by endogenous HBV. This strategy 
facilitated the amelioration of liver cirrhosis in a rodent model. Fourth, improved 
molecular chemotherapy was reported by Ad delivery of a replication-competent 
retroviral vector genome encoding a prodrug convertase.'° Viral oncolysis is yet 
another variation of this genome delivery approach. In this context, Ads were estab- 
lished for genetic delivery of the oncolytic parvovirus H-1PV.!°* Rodent H-1PV 
preferentially replicates in tumor cells and is currently under clinical investigation 
for treatment of recurrent glioblastoma.!° Parvoviruses are considerably smaller 
than Ad, thus presumably allowing for better perfusion of tumor tissues. However, 
their compact structure and small genome size limit engineering opportunities for 
improved efficiency and selectivity of virus delivery. The Ad-parvovirus approach 
had to circumvent inhibition of Ad replication by the inserted virus genome. This 
was achieved by suppressing parvoviral gene expression during production of the 
chimeric virus. Importantly, infectious parvoviruses were produced after infection 
of cancer cells with the Ad-parvovirus chimera, which showed superior and tar- 
geted therapeutic activity in vitro. Further Ad chimeras for virus genome delivery 
are reviewed in Lam and Breakefield.!°° 


8. Combining Ad Chimerism with Other Virus 
Engineering Strategies 


In Section | we noted that the availability of diverse virus engineering strategies is a 
key advantage of Ad-based therapeutics. Virus chimerism is one of these strategies, 
broadening Ad application possibilities as described above. In this section we give 
examples for strategies that successfully combine virus chimerism with other engi- 
neering technologies. 

The first example addressed the question of how to restrict replication of Ad capsid 
chimeras that enable enhanced, but not targeted infectivity (see Section 5) to tumors. 
This was achieved by engineering a postentry spatial control mechanism: transcrip- 
tional control of the essential Ad gene E1A using an optimized cellular tyrosinase 
promoter provided a potent melanoma-targeted HAdV-5/3-based oncolytic Ad.!°7 
Transcriptional targeting of capsid-chimeric Ads has since been widely pursued, for 
example, using the mesothelin promoter for targeting ovarian cancer!°* or using the 
COX-2 promoter for targeting pancreatic cancer and gallbladder carcinoma. 109-110 

Fiber exchange or chimerism can be exploited to modify Ad tropism in a more 
indirect way by combining fibers that lack cell-binding properties (yet ensure par- 
ticle stability) with the insertion of peptides that mediate targeted cell binding. This 
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strategy was established exploiting two human Ad serotypes, HAdV-40 and -41, 
which have a unique feature: each possesses two different fibers, a long and a short 
fiber. The long fiber mediates cell binding, whereas no receptor interaction has been 
reported for the short fiber. Accordingly, chimerism based on the short fiber of HAdV- 
40 or -41 achieved detargeting of HAdV-5 Ads from healthy cells and tissues.47:!!! 
The HAdV-5/41s chimera was used as a base virus in subsequent studies to target Ad 
infection to novel receptors by inserting peptide ligands into suitable locales of the 
“receptor-blind” scaffold.!4112-113 In one of these applications, this technology could 
redirect Ad infection to tumor cells by insertion of a peptide ligand that binds to the 
receptor tyrosine kinase EphA2, which is strongly overexpressed on several advanced 
tumors. !!3 

An alternative approach for Ad detargeting, allowing for subsequent retarget- 
ing by genetic ligand insertion, is to fully delete the fiber knob and parts of the 
fiber shaft (Figure 1, top left panel). This strategy is hampered by the fact that 
the knob domain contains not only the receptor-binding moiety but also the fiber 
trimerization signal. Thus, knobless fibers need to be complemented by heterol- 
ogous trimerization domains to ensure virus stability and enable ligand insertion 
(Figure 1, top left panel). To this end, different virus-derived protein trimerization 
domains were used, including those of the structurally related reovirus fiber,!!* 
of fibritin of T4 bacteriophage,!'!> and of the envelope glycoprotein of Moloney 
murine leukemia virus.!!° Future studies will need to improve the incorporation 
of knobless fibers into virus particles and virus manufacturing. One approach is 
the generation of fiber mosaic viruses (see Section 2), combining knobless with 
conventional fibers.'!* However, the resulting viruses possess an expanded, rather 
than targeted tropism. 


9. Future Perspectives 


To date, chimeric Ads have been nearly exclusively developed on the basis of 
HAdV-5. Recent advances in Ad engineering technologies facilitate the rapid clon- 
ing of Ad genomes from purified virus DNA and rapid traceless modification of Ad 
genomes.!!7-!!8 This paves the way for future efforts to realize the full potential of Ad 
chimerism by building therapeutic viruses based on any serotype. The two Ad11p- 
based virus chimeras described in Section 6 clearly highlight the opportunities this 
approach offers. 

In addition to progress in Ad chimerism technology, which will further increase 
the pipeline of therapeutic Ad candidates, advances in the clinical implementation of 
chimeric Ads can be expected, as preclinical studies have revealed the molecular mode 
of action and clearly demonstrated optimized features for a panel of quite different Ad 
chimeras. First clinical trials with capsid-chimeric and bioselected mixed-serotype Ad 
oncolytics have already been initiated”® and it will be exciting to reveal whether the 
preclinical promise of chimeric Ads translates into effective gene therapies, vaccines, 
and virotherapies to improve patients’ lives. 
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1. Introduction 


Vaccines save millions of human lives. They increase the lifespan of our pets and 
reduce the loss of livestock. Traditionally, vaccines were based on attenuated or inac- 
tivated pathogens, or in some cases bacterial toxins. Advances in molecular biology 
now allow for the generation of subunit vaccines that express one or a few of the 
pathogens’ antigens that induce protective immune responses. Most viral and bacterial 
infections can be prevented by sufficiently high titers of neutralizing antibodies, which 
are elicited by viral surface antigens, such as the glycoprotein of rabies virus, the 
hemagglutinin of influenza virus, or the envelope protein of human immunodeficiency 
virus (HIV). For other pathogens such as those that are highly variable and thereby 
escape neutralization, cellular immune responses in form of CD8* T cells may need to 
be elicited to prevent clinically symptomatic infections. Although unlike neutralizing 
antibodies CD8* T cells fail to provide sterilizing immunity, they can rapidly clear 
infected cells and thereby block the spread of pathogens and ensuing disease. 

CD8* T cells come in different varieties.! Upon activation, CD8* T cells expand and 
assume effector functions. Most effector cells, which in general produce the antiviral 
cytokine interferon (IFN)-gamma and lytic enzymes such as perforin and granzyme 
B that allow for lysis of infected cells, die once the infection is cleared. A fraction 
differentiates into effector or central memory cells. Effector memory cells, which are 
longer-lived than effector cells although their numbers gradually decline, circulate 
through the periphery. They can rapidly assume effector functions although their pro- 
liferative capacity is limited. Central memory cells reside in lymphatic tissues. They 
require reactivation and expansion before they commence effector functions. Unlike 
effector or effector memory cells, their proliferative capacity is high and they persist 
through cytokine-driven cell renewal for the lifespan of an individual. Central mem- 
ory cells in general produce interleukin (IL)-2 but not IFN-gamma or lytic enzymes. 
Which type of CD8* T cell response is most suited to protect against an infection 
remains debated and most likely depends on the type of invading pathogen. For exam- 
ple, infections of mice with lymphocytic choriomeningitis virus can be prevented by 
central memory CD8* T cells,” whereas chronic infections of rhesus macaques with 
simian immunodeficiency virus (SIV) can be averted by effector memory CD8* T 
cells.* The nature of vaccine-induced immune responses is largely dictated by the type 
of vaccine carrier. Protein vaccines and most viral vector vaccines, with the excep- 
tion of vectors based on cytomegaloviruses (CMV), can induce antibodies including 
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neutralizing antibodies to foreign antigens. Viral vectors that are rapidly cleared, such 
as those based on poxviruses or most ribonucleic acid (RNA) viruses, for example, 
recombinant influenza or rabies virus vectors, induce sustained central memory CD8+ 
T cell responses. Vectors that persist, such as those derived from CMV or adenovi- 
ruses, maintain more activated effector or effector memory CD8* T cell responses.45 
Adenoviral vectors persist at low levels and therefore, unlike CMV vectors, induce 
both sustained effector-like and central memory T cell responses. 

This chapter described some basic characteristics of adenoviruses and vectors 
based on adenoviruses and their performance as vaccine carriers. Vaccine carriers 
based on adenoviruses can be designed to retain the ability to replicate or they can 
be rendered replication-defective upon deletion of gene segments needed for viral 
reproduction. Numerous serotypes of adenoviruses have been isolated from humans, 
nonhuman primates, and other species, which allow for generation of vectors that 
can be used sequentially for prime-boosting or for immunizations against different 
pathogens. Preexisting neutralizing antibodies to adenoviruses, which are commonly 
found in humans to many of the human serotypes, can impair the immunogenicity of 
adenoviral vectors; this can be circumvented by using vaccines based on rare human 
serotypes or adenoviruses isolated from other species such as chimpanzees. Unless 
used at excessively high doses, adenoviral vectors are well tolerated. They induce 
exceptionally potent and sustained B and CD8* T cell responses to foreign antigens 
encoded by a transgene. Adenoviral vectors thus provide a highly suitable platform as 
vaccine carriers for numerous pathogens. 


2. Characteristics of Adenoviruses 


Adenoviruses are members of the Adenoviridae family. They are nonenveloped viruses 
with a double-stranded genome ranging from 25 to 48 kilobases (kb). Adenoviruses 
infect numerous species, including mammals, birds, and even frogs. They are subdi- 
vided into five genera depending on their target species. Human adenoviruses, which 
belong to the genus Mastadenovirus, are divided into seven families (A-G) and then 
further into 57 distinct serotypes (HAdV-1-57). Chimpanzee adenoviruses, which 
have been vectored for gene transfer, are grouped within human adenoviruses. 

The adenovirus genome encodes from both deoxyribonucleic acid (DNA) strands 
a number of early and late gene products. Products of three of the four early domains, 
that is, El, E2, and E4, are essential for viral replication, whereas products of E3, 
which are antiapoptotic or allow the virus to escape immunosurveillance,’ are non- 
essential. The late genes L1—L5 encode the icosahedral viral capsid composed of the 
major proteins hexon, penton, and fiber and minor proteins Hla, VI, VIII, and IX. 
Hexon, the most abundant viral protein, has a conserved stalk and a head domain 
with several highly variable loops, which serve as targets of virus-neutralizing anti- 
bodies.’ Different serotypes of adenoviruses of the same family mainly differ in the 
sequence of these variable loops.!9-!! Fiber binds the viral receptor, which for most 
adenoviruses is the Coxsackie adenovirus receptor (CAR!>!3), whereas others bind to 
CD46.'* Coxsackie adenovirus receptor, a type I membrane protein, is expressed on 
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endothelial and epithelial cells; it is not expressed on antigen-presenting cells such as 
dendritic cells or macrophages. CD46, an inhibitory complement receptor, is ubiq- 
uitously expressed. It also serves as receptor for measles virus!> and human herpes 
virus-6.!° Penton, which anchors fiber into the viral capsid, contains an arginyl-gly- 
cyl-aspartic acid (RGD) sequence, which binds to integrins and together with CAR 
facilitates the virus’ entry into its target cells.!” 

Adenoviruses spread mainly by aerosols. Most cause upper respiratory diseases, 
conjunctivitis, tonsillitis, and ear infections. Adenovirus 40 and 41 infections 
are associated with gastroenteritis. In general, adenoviruses cause mild disease 
although severe and even fatal infections can occur in immunocompromised indi- 
viduals, and on rare occasions in healthy individuals. After infection, humans shed 
adenoviruses in the feces for a few days whereas nonhuman primates such as 
chimpanzees shed viruses for very long periods of time. Adenoviruses persist at 
low levels in activated T cells; they can be recovered for years after infection from 
lymphatic tissues.!® 

A live attenuated vaccine is available for human adenoviruses 4 and 7; it is used by 
the United States (US) Army for immunization of recruits. 1° 


3. Characteristics and Construction of Adenovirus Vectors 


Adenoviruses have been constructed as replication-competent or replication-defective 
vectors. Replication-competent vectors used in a nontarget species are in fact rep- 
lication-defective whereas E1-deleted replication-defective vectors can replicate to 
some degree in cells with transcription machineries that substitute for the deleted 
El gene products.”° Foreign sequences of up to 1.8kb can be incorporated into the 
adenovirus genome with no deletions. Incorporation of longer sequences interferes 
with packaging and viral rescue. The packaging size can be increased by deletion of 
the E3 domain. E3 only—deleted adenovirus vectors remain replication-competent 
and such vectors are used as vaccine carriers. Deletions of E1, E2, or E4 render the 
vector replication-defective and the deleted gene products have to be provided in 
trans during vector production. Most vaccine vectors used to date are deleted in El, 
which allows for insertion of approximately 4kb of foreign sequences. Some are 
also deleted in E3, which increases the packaging capacity to about 7.5 kb. Further 
deletions of E4, which encodes polypeptides that affect host cell proliferation and 
survival and provide for nuclear export of RNA, have been explored. Additional 
deletion of E4 reduces the synthesis of adenoviral proteins; this in turn may reduce 
the stimulation of T cell response to adenoviral antigens.*! Originally, El-deleted 
adenovirus vectors were constructed by homologous recombination in a packag- 
ing cell line that provides E1 in trans.** Currently, adenoviruses are constructed 
from viral molecular clones by ligating a transgene expression cassette directly 
into the deleted E1 domain.” The bacterial clone upon linearization is then trans- 
fected into the packaging cell line for viral rescue. Several packaging cell lines 
are available. HEK 293 cells carry the 5’ gene region of HAdV-5 virus.” They are 
suited for rescue of El-deleted HAdV-5 vectors as well as for some of the family 
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E simian adenoviruses (SAdV) that are being explored as vaccine carriers. Homol- 
ogous recombination between the adenovirus sequences within HEK 293 cells and 
the El-deleted vector can lead to outgrowth of replication-competent viruses”>:”°; 
this is not a problem for SAdV vectors grown on HEK 293 cells because sequence 
differences between the El-flanking regions of HAdV-5 and SAdV viruses pre- 
vent homologous recombination. PER.C6 cells offer an alternative”; they only 
carry the E1 domain of HAdV-5, which reduces the chance of insertion of E1 into 
the genome of HAdV-5 vectors.”° For other serotypes, packaging cells have to be 
constructed typically by stable E1 transfection of a cell line that is readily infected 
with adenoviruses. 

Upon transfection of packaging cells with a recombinant molecular clone of ade- 
novirus, viral plaques typically become visible after 7-10 days. Virus once expanded 
in packaging cells is then purified. For small-scale production, vectors are purified 
by CsCl gradient centrifugation, whereas for large-scale production chromatographic 
separation is more suited.”°~*! The virus particle (vp) content of purified vectors is 
determined by spectrophotometry. Content of infectious virus particles (IU) is mea- 
sured by plaque assays by staining for hexon or by reverse transcription polymerase 
chain reaction methods. Although the level of transgene product expression depends 
on IU, adenovirus vectors are dosed according to vp, which determines the toxicity 
of a preparation. The vp to IU ratios vary and are typically 5:1-400:1. Vectors with 
higher vp to IU ratios tend to perform poorly. 

Depending on the diluent, adenovirus vectors are stable for several days at room 
temperature and for several months if kept on ice. Highly concentrated adenovirus 
vectors can be lyophilized with minimal loss in titers. Adenovirus vectors become 
unstable at low pH, which may pose problems for shipment in dry ice because CO, 
seeping into the vials may lower the pH, causing loss of viral titers.?? 

Transgene product expression by adenoviral vectors is influenced by a number of 
parameters. In our hands, HAdV-5 vectors express higher levels of their transgene 
compared with HAdV-26 or family E chimpanzee-origin adenovirus vectors.?333-34 
A chimeric vector based on a CD46 binding chimpanzee vector was shown to express 
lower levels of transgene products compared with HAdV-5 vectors or a CAR-binding 
chimpanzee origin adenovirus vector.” El- versus El- and E3-deleted HAdV-5 or 
chimpanzee-origin vectors had comparable expression whereas further deletions 
in E4 reduced expression. The length of the transgene product also affected levels 
of protein expression; longer transgenes resulted in reduced expression.’ The pro- 
moter regulating transgene expression was shown to influence both the magnitude 
and the kinetics of protein expression.*°*’ The orientation of the transgene expres- 
sion cassette within El or E3 significantly influences protein expression.*’>* We 
attempted to produce dual-expression adenoviral vectors, which carried one cassette 
in the deleted E1 domain and the other in the deleted E3 domain. Although we 
were able to generate stable vectors that expressed both transgene products, vectors 
that shared regulatory sequences within both expression cassettes were unstable, 
presumably owing to excision of large fragments of the genome upon homologous 
recombination.*® 
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4. Preexisting Immunity to Antigen of Adenoviruses 


Infections with adenoviruses are common and most humans carry T cells and binding 
and neutralizing antibodies to adenoviruses. Neutralizing antibodies directed mainly 
against the adenovirus hexon are serotype-specific whereas other antibodies or T cells, 
which are directed to multiple antigens, including those that are highly conserved 
between adenovirus serotypes and even families, are highly cross-reactive.*? Sero- 
conversion happens early in life. A study in Northern China showed that newborns 
compared with toddlers commonly have higher titers of antibodies to HAdV-2 and 
-5, which presumably reflects transmission of antibodies from their mothers. Infants 
aged 6-12 months tend to have low titers, which then steadily increase. A study 
conducted in India showed that neutralizing antibodies to HAdV-5 virus are slightly 
higher in infants aged 1—6 months than aged 7—12 months. Titers then steadily increase 
until adulthood.*! A study conducted in North America, South America, Sub-Saha- 
ran Africa, and Southeast Asia showed low seroprevalence rates in infants (up to age 
6months) to HAdV-26 and HAdV-35 virus. Children had high prevalence rates of 
antibodies to HAdV-5 and HAdV-26, although titers to HAdV-26 tended to be lower 
than those to HAdV-5.*” Prevalence of neutralizing antibodies in human adults varies 
depending on the serotype and geographic region. For example, neutralizing antibodies 
to common serotypes such as HAdV-5 are found in about 40% of individuals residing 
in the US and in up to 90% of those living in Sub-Saharan Africa.*>* The prevalence 
of neutralizing antibodies to HAdV-26, which was initially described as a rare sero- 
type, is low in the US and Europe but high in most African countries.*° Seroprevalence 
rates to HAdV-48 were shown to be high only in Africa but low in the US and Asia.*? 
HAdV-35 appeared to be a truly rare serotype; less than 20% of sera from children or 
adults independent of their geographic localization were able to neutralize this virus.*? 
Because adenoviruses are species-specific, most humans lack antibodies to those that 
infect other species, although this depends on the serotype as well as potential contact 
with the infected species. For examples, we described antibodies to three different 
chimpanzee adenoviruses (SAdV-23, SAdV-24, and SAdV-25) that were virtually 
absent in sera from humans residing in the US but that could be detected in up to 
20% of individuals from Sub-Saharan Africa.*+*> We assumed that this reflected close 
contact between humans and chimpanzees in Sub-Saharan Africa, where hunting and 
eating monkeys is common. We subsequently conducted a study in Brazil and again 
found slightly enhanced prevalence rates of neutralizing antibodies to chimpanzee 
adenoviruses in humans residing in Brazil; this was especially pronounced in cohorts 
from Amazonia. Testing of New World monkeys from Brazil showed the presence 
of neutralizing antibodies to chimpanzee adenoviruses in nearly all sera of common 
marmosets, which suggested spillover of these viruses from monkeys into the human 
population. The same viruses tested against sera from different regions in China 
showed low prevalence rates for high-titer antibodies, although sera with low titers 
(<1:40) were found in up to 20% of adults.“ Another study measured the prevalence 
rate of neutralizing antibodies in Caucasians residing in the US or Europe against a 
large panel of chimpanzee adenoviruses of family B, C, and E. The prevalence rate 
for the chimpanzee-origin adenoviruses with titers greater than 1:200 was in 5% of 


556 Adenoviral Vectors for Gene Therapy 





sera with the exception of SAdV-3-neutralizing antibodies, which was found in about 
10% of sera. One of the viruses, CAdV-63, was tested for neutralization by sera from 
Kenyan children. Sera with high titers of CAdV-63 neutralizing antibodies were rare 
(approximately 0.5%) whereas low titers were common (17.5%).*8 

Preexisting neutralizing antibodies to adenovirus cause rapid uptake of the virions 
by cells of the reticuloendothelial system. They also lead to activation of comple- 
ment.*? Specific neutralizing antibodies prevent cell transduction by adenoviruses and 
transcription and translation of the transgene product. This results in a reduction of 
the vaccine antigen and diminishes the vectors’ ability to stimulate adaptive immune 
responses??3450 while paradoxically increasing innate responses.°!°? The lat- 
ter presumably reflects that neutralizing antibodies target the vectors to Fc-recep- 
tor—positive cells. Binding antibodies or preexisting T cell responses to antigens of 
adenovirus do not appear to have a major effect on transgene product-specific B or T 
cell responses. The effect of preexisting neutralizing antibodies can be circumvented 
by increasing the vaccine dose; this is problematic in humans because, depending on 
titers of neutralizing antibodies, increases by 100- to 1000-fold are required,’ which 
would likely result in unacceptable toxicity. Alternatively, adenovirus vectors could be 
combined with another vaccine modality such as a DNA vaccine or a poxvirus vector 
in a so-called prime-boost regimen.°*>*® Although this is known to increase transgene 
product-specific immune responses markedly, it also increases the cost and complexity 
of a vaccine. Repeated use of the same adenovirus vector has been tested to augment 
immune responses; this is relatively ineffective because neutralizing antibodies induced 
by the first vaccine dose impair uptake of repeat doses.°? Loss of transduction in the 
presence of preexisting neutralizing antibodies can be circumvented by coating viruses 
with polyethylene glycol® or hydrophilic polymers,°! or encapsidating them into micro- 
spheres.®2 It is not yet known whether these approaches also rescue adaptive immune 
responses to the transgene product. It is also possible to swap variable loops of the 
hexon of common human serotypes with those of rare human serotypes. We used a 
straightforward approach by developing vectors that typically fail to infect humans, such 
as those derived from nonhuman primates.**3* By now a large number of vectors have 
been isolated from chimpanzees.** They are phylogenetically grouped within human 
serotypes™; their molecular organization, receptor usage, and growth characteristics are 
similar to those of human serotypes. Antibodies to human serotypes of adenoviruses 
fail to cross-react with chimpanzee-derived adenoviruses. Most important, as already 
mentioned, neutralizing antibodies to chimpanzee adenoviruses are only rarely found in 
humans. Prevalence rates of such antibodies are slightly increased in Africa, presumably 
owing to closer contact with infected chimpanzees. Chimpanzee adenovirus vectors are 
thus highly suited as vaccine carriers for use in humans. 


5. Innate Immune Responses to Adenovirus Vectors 


Adenoviruses and adenovirus vectors stimulate potent innate immune responses that 
cause dose-limiting toxicity. Innate responses, which lead to the release of proin- 
flammatory cytokines and chemokines such as type I IFN, IL-6, IL-12, Regulated 
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on Activation, Normal T cell Expressed and Secreted, macrophage inflammatory 
protein-16, IFN-gamma-induced protein (IP)-10, and others, are typically triggered 
through recognition of pathogen-associated molecular patterns by cellular pathogen 
recognition receptors located on the cell surface, on endosomes, or within the cyto- 
plasm. Several motifs present on adenovirus vectors are recognized by innate sensor. 
The RGD motif on penton activates the nuclear factor-kappa light chain enhancer of 
activated B cells pathway, which triggers an inflammatory reaction. The double-stranded 
adenovirus genome is recognized by Toll-like receptor (TLR)-9, one of the endosomal 
sensors.°” Adenovirus vectors appear to be recognized by additional TLRs because 
innate responses are diminished in cells lacking TIR domain-containing adapter-inducing 
IFN-beta, which serves as an adaptor to TLR-4 and -3.°°. The adenovirus genome 
further activates retinoic acid-inducible gene-1, another intracellular sensor of 
double-stranded DNA.” 

Adenoviruses applied to the airways interact with surfactant,’! which appears to 
block inflammatory responses, presumably by causing opsonization of the virus parti- 
cles. High doses of adenovirus vectors further activate the complement system through 
interactions between fiber knob with blood Factor IX and C4 binding protein. These 
interactions increase inflammatory responses.” Adenovirus vectors are sequestered 
by preexisting neutralizing antibodies; for unknown reasons, this interaction increases 
inflammatory responses to the vectors.°!->? 

The potency of innate immune responses partly depends on the vector serotype. For 
example, in mice, some of the chimpanzee-derived adenovirus vectors were shown to 
induce more potent type I IFN responses compared with HAdV-5 vectors.’*:”> This 
may relate to the frequency of CpG motifs, which tend to be lower in genomes of 
HAdV-5 (2168 CG motifs) and HAdV-26 (2206 CG motifs) viruses than in those 
of chimpanzee-origin adenoviruses (approximately 2400-2700 CG motifs). Whether 
more intense inflammatory reactions in mice translate into heightened toxicity in 
humans remains to be tested. 


6. Humoral Immune Responses to Adenoviral Vectors 


Adenoviral vectors induce potent B cell responses to the capsid antigens of the vec- 
tor*®-“4 and to foreign transgene products.*>:’° The latter allow for the use of adenovirus 
vectors as prophylactic vaccines to infections, which can be prevented by neutralizing 
antibodies. The advantages of adenovirus vectors for delivery of antigens from other 
pathogens for induction of protective antibody responses are numerous because they 
interact with innate sensor drive maturation of antigen-presenting cells and do not 
require addition of adjuvants. El-deleted adenoviral vectors are safe at immunogenic 
doses. They can be given through multiple routes including intranasal, intramuscular, 
and oral, provided vectors are encapsidated. Similar to wild-type adenoviruses, 
El-deleted adenovirus vectors persist in activated T cells> and induce sustained antibody 
responses. Adenoviruses use the host cell machinery for posttranslational modifications 
of antigens so that viral antigens are presented in their native form unless their 
structure depends on co-interactions with other antigens. We compared the magnitude 
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of transgene product-specific antibody responses to two chimpanzee-derived adeno- 
virus vectors, both of which are family E members, with those induced by vectors 
derived from HAdYV5, a family C member, and HAdV26, a family D member.*> Vec- 
tors expressed the rabies virus glycoprotein as the transgene product. The HAdV-5 
vector induced markedly higher rabies virus-specific antibody responses compared 
with the other vectors. 

E3-deleted HAdV-5 vectors expressing the rabies virus glycoprotein have been 
licensed for immunization of wildlife such as foxes or skunks.” Neither of these 
species supports replication of HAdV-5 virus, so that in its intended target species 
the vaccine is replication-defective. El-deleted adenovirus vectors based on sim- 
ian serotypes also expressing the rabies virus glycoprotein are under development 
for human immunization.*> These vectors are highly immunogenic and induce pro- 
tective titers of rabies virus—neutralizing antibodies in nonhuman primates after a 
single low dose (10° vp) given intramuscularly before challenge.’* Antibody titers 
and protective immunity were shown to be sustained for at least 2 years. Ebola virus 
in the winter and spring of 2014 caused an outbreak in Guinea, which by fall of the 
same year had spread to Liberia and Sierra Leone with isolated cases imported to 
Europe and the US. The World Health Organization estimated that without improved 
interventions, the virus would continue to spread and potentially infect up to a mil- 
lion individuals by 2015.7? Others voiced concern about viral mutation that may 
allow Ebola virus to be transmitted by aerosols, even further increasing infection 
rates. One of the first Ebola vaccines that underwent testing in humans was based 
on an El-deleted HAdV-5 vector expressing the glycoproteins of Zaire and Sudan 
Ebola species.®° The vaccine, which had been shown to protect nonhuman primates 
against Ebola virus infection,! was found to be safe at 2x 10!° vp per dose and 
human subjects developed specific T and B cell responses. Because of concerns 
about preexisting HAdV-5 neutralizing antibodies,®? which tend to be prevalent and 
robust in African human populations, a second set of vectors based on chimpanzee 
serotype 3 was constructed.** This vaccine is currently undergoing testing in human 
volunteers. Provided the vaccine is immunogenic and safe, it may then be used 
under an investigational new drug application in consenting individuals at high risk 
of contracting the virus. One potential setback of this Ebola vaccine is that although 
humoral responses to the viral glycoprotein developed rapidly in nonhuman pri- 
mates, antibody titers were not sustained, but rather declined to baseline within less 
than a year. This could potentially be addressed by a booster immunization with an 
adenovirus vector based on a different serotype or an unrelated vaccine prototype 
such as a poxvirus vector. 

A plethora of adenovirus vectors based on human and simian serotypes have been 
tested preclinically for induction of protective antibody responses to numerous patho- 
gens including hepatitis B virus,*+ Dengue virus,®> Severe acute respiratory syn- 
drome coronavirus,*° rotavirus,*’ respiratory syncytial virus,®* rabies virus,°*-”’ herpes 
simplex virus type 2,°° Hantaan virus,” influenza virus,?! and plasmodium vivax.°2 
Results consistently showed that the vectors induced potent antibody responses domi- 
nated by isotypes linked to type 1 T helper cell responses upon systemic immunization 
whereas mucosal injections also led to local immunoglobulin A production.’ 
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7. Cellular Immune Responses to Adenoviral Vectors 


Although neutralizing antibodies are the primary correlate of protection against most 
pathogens for some of the more complex viruses, intracellular bacteria, or protozoa, 
protection can be provided by cellular immune responses that achieve accelerated 
clearance of infected cells. By the same token, chronic viral infections or cancer 
cells are best combated with vaccine-induced CD8* T cell responses. Adenoviruses 
acquired by natural infections induce CD4* and CD8* T cell responses to a number 
of viral proteins. Such T cells can be found in most human adults.°* They cross-react 
between different adenovirus serotypes including those derived from chimpanzee-origin 
adenoviruses.*? Adenovirus-specific CD4+ T cells were found to be monofunctional; 
they largely belong to the memory subset. In contrast, adenovirus-specific CD8* 
T cells are more polyfunctional. They are highly activated and are phenotypically 
mainly grouped into effector/effector memory subsets. This may reflect repeated 
exposures to different serotypes of adenoviruses or internal reactivations of CD8* 
T cells by persisting viruses. Adenoviral vectors induce remarkably high transgene 
product-specific CD8* T cell responses and, at least in mice, only modest CD4*+ T 
cell responses.**+*> Induction of T cells is triggered by cross-presentation of antigen. 
Transgene product-specific CD8* T cells similar to those induced by natural infections 
to the adenovirus antigens are polyfunctional, and because of the vectors’ persistence, 
a large proportion remains activated. Nevertheless, because levels of persistence are 
low, adenovirus-induced T cells in part transition into the memory pool, which allows 
for increased responses after booster immunizations.**-*9 

We compared the magnitude of transgene product-specific CD8+ T cell responses 
to HAdV-5, HAdV-26, and chimpanzee-derived adenovirus vectors SAdV-24 and 
SAdV-25.*9 In mice, responses were largely comparable. Others compared T cell 
responses to different human and chimpanzee serotypes in mice and rhesus macaques. 
In both species, human serotypes adenoviruses such as HAdV-5 and -6 based on fam- 
ily C induced higher CD8* T cell responses compared with those from family D, such 
as HAdV-26 or HAdV-24. Adenovirus vectors based on family B, such as HAdV-35 
and HAdV34, both of which use CD46 rather than CAR for cell entry, were the least 
immunogenic.** Similar trends were seen for chimpanzee-origin adenovirus vectors; 
those from group C, such as SAdV-3, SAdV-20, or SAdV-11, tended to be more immu- 
nogenic than those of group E, such as SAdV-4 or -5, whereas the one group B virus, 
SAdV-30, was the least immunogenic.** Nevertheless, some of the family E-derived 
vectors were as immunogenic as or even more so than some of the family C vectors. 

Large numbers of different adenovirus vectors have undergone preclinical testing as 
T cell-inducing vaccines for a variety of pathogens, including HIV-1/SIV,>45%68 hepa- 
titis C virus (HCV),>® Trypanosome cruzii,?° Mycobacterium tuberculosis," dengue 
virus,’? human CMV,! influenza A virus,!°!-!? Rift valley fever virus,!°° and Epstein 
Barr virus.!°* Results showed that adenovirus vectors induced exceptionally potent and 
sustained CD8* T cell responses in animals that were higher than those induced by 
other recombinant vaccines such as DNA vaccines or poxvirus vectors. T cell responses 
induced by an adenovirus vector can be enhanced by prime boost-regimens using sero- 
logically distinct adenovirus vectors or other vaccine platforms for priming or boosting. 
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8. Clinical Experience with Vaccines Based on Adenoviral 
Vector 


Early-stage safety studies have been conducted with several human- as well as chim- 
panzee-derived adenovirus vectors expressing antigens of HIV-1,°° M. tuberculosis,'° 
Plasmodium falciparum,'°® Ebola virus,°° influenza A virus,!°’ and HCV.!° Results 
showed that toxicity was dose-related and unaffected by preexisting neutralizing anti- 
bodies to the vectors.!°-!!° At high doses of 10!! vp, individuals mainly experienced 
mild to moderate flulike symptoms with fever, myalgia, fatigue, and headache. Injec- 
tion-site reactions such as erythema and local pain were seen regardless of vector 
dose. Repeated injections of the same vector resulted in decreased systemic reactions 
upon sequential immunizations.'!! Vaccinated individuals did not develop significant 
changes in blood values. Overall, the vaccines were well tolerated. Analyses of vac- 
cine-induced immune responses showed that in a dose-dependent manner, vaccine 
recipients developed T and B cells to the transgene product. They also had increases 
in immune responses to antigens of the adenoviral vector. 

The first large-scale phase IIb trial for an adenoviral vector vaccine, the STEP trial, 
was conducted by Merck with HAdV-S vectors expressing Gag, Pol, and Nef of HIV-1 
clade B for induction of T cells. Individuals from North or South America, the Carib- 
bean, or Australia at high risk for HIV-1 acquisition received three injections of 5 x 10!° 
vp of the vaccine or placebo on day 1 and weeks 4 and 26. The trial was designed to 
enroll 1500 individuals with HAdV-5-specific neutralizing antibody titers less than 
1:200 at baseline and 1500 individuals with titers greater than 1:200. As expected, the 
vaccine elicited potent CD8* T cell responses that were slightly attenuated in indi- 
viduals with high titers of preexisting neutralizing antibodies to HAdV-5. CD4* T 
cell responses to HIV-1 were observed in only about a third of vaccine recipients.!!* 
The trial was stopped prematurely after an interim analysis by the Safety Monitoring 
Board showed that the vaccine neither prevented HIV-1 infections nor reduced viral 
loads in individuals who became infected.'!* A trial conducted in parallel in South 
Africa, the Phambili trial,!'* was stopped shortly thereafter and in both trials partic- 
ipants were unblinded. In the STEP trial, male vaccine recipients, who were mainly 
homosexual and engaged in high-risk anal intercourse had increased rates of HIV-1 
acquisition (49 of 941 male vaccine recipients) compared with placebo controls (33 of 
922 participants). Increased acquisition was linked to high titers of HAdV-5-neutralizing 
antibodies at baseline as well as the lack of circumcision.!!° There was no link to 
differences in risk behavior.!!5 This trend for increased HIV-1 acquisition, which 
was transient and waned after about 18 months,!!© was not seen in the Phambili 
trial, which enrolled mainly heterosexual men and women. Additional studies com- 
paring HIV-1 acquisition rates of participants in other HIV-1 trials based on vaccines 
other than adenoviral vectors showed that titers of neutralizing antibodies to several 
adenoviral serotypes did not increase HIV-1 acquisition.'!’ By the same token, the 
army failed to observe increases in HIV-1 infection rates in recruits who received the 
live attenuated adenovirus vaccines compared with those who did not.!!8 High neu- 
tralizing antibody titers to adenovirus per se or vaccination with an adenovirus thus 
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do not appear to increase the risk of HIV-1 infection. The mechanisms underlying the 
increased acquisition of HIV-1 in HAdV-5-seropositive individuals of the STEP trial 
have been studied extensively but remain unexplained. One possibility that has been 
explored is that CD4+ T cells induced by adenovirus vectors become highly suscep- 
tible to infection with HIV-1.!!° Such T cells also express homing markers for gut 
mucosa. The increased presence of HIV-1 target cells at the port of viral entry could 
explain increased HIV-1 acquisition after vaccination with an adenoviral vector; nev- 
ertheless, it does not explain why this increased acquisition was seen only in homo- 
sexual males with high baseline titers of HAdV-5-specific neutralizing antibodies. 

The next large-scale efficacy trial was again based on an HAdV-5 vector com- 
bined with DNA vaccine priming to prevent HIV-1. The DNA vaccine expressed Gag, 
Pol, Nef, and Env from clade A, B, and C. The HAdV-5 vectors given as mixtures 
expressed a gag—pol fusion protein and Env of clades A, B, and C.!2° The HAdV-5 
vector of HVTNS05 differed from the vector used in the STEP trial by the additional 
deletion of E4 and by the inclusion of Env as a vaccine target antigen. The DNA 
vaccines were given three times on days 0 and weeks 4 and 8; the HAdV-5 vectors 
were given once on week 24. The study, conducted in the US, enrolled circumcised 
males and transgender women with preexisting neutralizing antibody titers to HAdV-5 
below 1:18, who were at high risk for HIV-1 acquisition. A total of 1251 participants 
were enrolled into the vaccine arm; 1245 participants were enrolled into the placebo 
arm. End points were the prevention of HIV-1 acquisition or lowering of viral loads 
in infected vaccine recipients. An interim analysis showed that neither of these end 
points would be met and the trial was halted and unblinded. The vaccines did not 
increase HIV-1 acquisition rates. The vaccine induced HIV-1-specific CD4+ and/or 
CD8* T cells in about 60% of recipients, antibodies to gp41 in all recipients, and 
antibodies to gp120 in about 50% of vaccine recipients. Antibodies to the VI-V2 
loop, which in another, more successful HIV-1 vaccine efficacy trial!?!:!?? had been 
identified as correlates of protection against viral acquisition, were detected in only 
about 20% of vaccine recipients. Responses rates for neutralizing antibodies were low 
and only tier 1 HIV-1 virus could be neutralized. 

The futility of three HAdV-5 vector-based HIV-1 vaccine efficacy trials combined 
with the increased risk for HIV-1 acquisition in a subcohort of the STEP trial raised 
questions about the use of adenoviral vectors as a vaccine platform for HIV-1 in gen- 
eral. The initial early-phase immunogenicity trials with the STEP and HVTN505 
vaccines had shown that the breadth of HIV-1-specific T cell responses was limited 
because T cells from most vaccinated individuals only recognized one to four epitopes 
of HIV-1.!?9 This limited epitope specificity was recapitulated in a small phase I trial 
with an HAdV-26 vaccine expressing Env. We tested chimpanzee-derived adenovirus 
vectors expressing HIV-1 clade B Gag in rhesus macaques, and after a single immu- 
nization the breadth of the response was also limited and most animals responded 
to only one or two epitopes. A boost with a serologically distinct adenovirus vec- 
tors markedly increased the breadth of the response and most animals responded 
after the boost to 15-30 different Gag epitopes.'** The restricted epitope specificity 
observed in the clinical trials, which carries the risk that HIV-1 may escape cellular 
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immunosurveillance, can thus potentially be addressed by prime-boosting with two 
different serotypes of adenovirus vector vaccines. Also, the efficacy of the STEP and 
HVTNS505 vaccines was limited in preclinical studies. The STEP vaccine protected 
rhesus macaques against challenge with the SIV/HIV chimera SHIV89.6P!”> but 
provided no protection against a more stringent challenge with SIVmac239.!*° By 
the same token, the HVTN505 vaccine failed to protect rhesus macaques from SIV- 
mac251 challenges but conferred MHC class I allele-dependent protection against 
the less stringent SI[VsmE660 challenge.!?” Others described induction of protective 
immunity in rhesus macaques immunized with adenovirus vectors from other human 
as well as chimpanzee serotypes!>-!?° against SIVmac239 or SI[Vmac251, and the use 
of these alternative adenovirus vector for HIV-1 prophylaxis continues to be explored. 

Other clinical efficacy trials explored HAdV-5 or CAdV-63 as carriers for malaria 
vaccines. An HAdV-5 vector expressing the P. falciparum circumsporozoite protein 
and apical membrane antigen-1 failed to protect against a controlled malaria infec- 
tion,!2° whereas some protection (about 27%) was achieved when this vaccine was 
combined with a DNA vaccine prime.!*° A similar level of efficacy was achieved with 
a CAdV-63 expressing T cell—inducing antigens of P. falciparum followed by a mod- 
ified vaccinia Ankara boost.!*! 

Adenovirus vector-based vaccines for M. tuberculosis have thus far undergone 
only early-stage safety and immunogenicity trials. An HAdV-5 vector expressing 
Ag85A was shown to induce T cells in individuals who were naive to antigens of this 
pathogen; responses were more robust in previously BCG vaccinated trial volunteers. 
Immunogenicity was not affected by preexisting HAdV-5—neutralizing antibodies.!°° 

One phase I trial tested HAdV-6 and CAdV-3 vectors expressing the NS protein of 
HCV. Both vectors induced HCV-specific T cell responses that cross-reacted between 
heterologous HCV strains. Responses to either vaccine were polyfunctional and sus- 
tained. Responses were boosted when the two vectors were used sequentially. 108 
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1. Introduction 


Initially developed for gene therapy, recombinant adenovirus (Ad)-based vectors have 
been extensively investigated as vaccine platforms for a variety of pathogens and 
tumors.!* Several inherent features of Ad vectors make them attractive as a vaccine 
delivery vehicle. This includes their low pathogenicity, the ability to infect a wide 
repertoire of cell types, large cloning capacities, well-established good manufacturing 
practices (CGMP) to generate high titers, the lack of genomic integration in host cells, 
strong immune-adjuvant properties, a well-understood biology, and a genome that is 
relatively easy to manipulate. In addition, there are an abundance of safety and effi- 
cacy data on the use of Ad vectors in humans based on hundreds of preclinical! and 
clinical trials (http://www.wiley.co.uk/genmed/clinical/). Because of these valuable 
attributes, it is not surprising that Ad vectors are at the forefront of viral vectors for 
vaccine development. Most conventional Ad vaccine candidates are transgene expres- 
sion vectors that express a gene coding for an antigen protein of the vaccine target 
pathogen. This transgene is usually inserted in place of the early region 1 (E1) of the 
Ad genome. This strategy allows the expression of the vaccine antigen in host cells 
that then induces humoral and cellular immunity against the target pathogen. Inser- 
tion of the transgene also renders the Ad vector replication-defective because E1 is 
critical for Ad replication and thus further improves the safety profile of Ad vectors. 
However, despite the optimism with Ad vectors, performance of conventional Ad vec- 
tor-based vaccines has so far remained below expectations in clinical trials.4> One 
major limitation for the use of Ad vaccines is the high prevalence of anti-Ad immu- 
nity in the general population.®” Most adults develop varying levels of immunity to a 
number of common Ad serotypes after exposure to wild-type Ads during childhood. 
Anti-Ad immunity is particularly prevalent against serotype 5, traditionally the most 
commonly used Ad vector for vaccine development. It is estimated that 30-90% of 
the population, depending on geographic location, has medium to high levels of Ad5 
antibodies.°” Infection of host cells, an essential step for expression of the transgene 
antigen, is hampered by neutralizing anti-Ad immunity. Even in naive recipients, a 
potent antivector cellular and humoral immunity is induced on first administration 
that compromises the efficiency of subsequent administrations of the same vector for 
boosting the immune response. Several strategies have been suggested to overcome 
this limitation.8-!° Chimeric Ads with components of Ad capsid proteins, such as 
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fiber or hexon, switched from other, less prevalent serotypes have been developed. 
Novel Ad vectors have been generated from non-Ad5 serotypes such as Ad35 or Ad48 
or from those derived from nonhuman species such as chimpanzee,!! bovine,!? or 
canine.!> However, repeat administration will not be facilitated unless varying sero- 
types are used for boosting. 

Native Ad capsid proteins are highly immunogenic and induce potent innate and 
adaptive immune responses.'*!5 This has provided the basis for various interesting 
strategies to display the epitopes of pathogens on Ad capsids to induce robust patho- 
gen-specific immunity. This approach presents numerous possible advantages over 
the approach of conventional transgene expression. The incorporation of immuno- 
genic epitopes into Ad capsid may circumvent preexisting anti-Ad immunity.!®!8 This 
also allows for these capsid-modified vectors to be administered repeatedly to boost 
epitope-specific immunity. Adenoviruses efficiently infect antigen-presenting cells; 
once internalized, the capsid proteins are processed through the exogenous pathway, 
resulting in presentation via major histocompatibility complex II molecules to CD4+ T 
cells. These CD4* T cells in turn stimulate the differentiation of B cells into antibody- 
producing plasma cells.!° Furthermore, the densely packed and highly repetitive struc- 
ture of Ad capsid can efficiently activate B cells in the absence of T cell stimulation.”° 
In particular, the capsid-incorporation strategy appears to be promising against infec- 
tions that require the strong induction of humoral immunity. 

Tremendous flexibility offered by Ad to accommodate heterologous peptides into 
its capsid, together with a detailed understanding of the capsid structure made this 
approach feasible. The Ad icosahedral capsid shell contains three major (hexon, 
penton base, and fiber) and four minor (IIIa, VI, VIII, and IX) proteins.2! The principal 
component is the homotrimeric hexon, and each virion contains 240 hexons on the 
faces and edges of the capsid and 12 penton base pentamers (penton base) at the verti- 
ces of icosahedrons, each of which is bound with one fiber trimer (fiber). Hexons and 
pentons are joined together by three minor proteins: IX, Ia, and VII. Minor protein 
IX (pIX) (240 copies) acts as a capsid cement to bind hexons together are located at 
the outer surface of the capsid. The Ad capsid shell is formed by two kinds of building 
blocks: group-of-nine (GON) hexons and group of six capsomers (a penton base and 
its five surrounding hexons).”! 

Numerous locations within the various Ad capsid proteins have been identified 
to accommodate foreign epitopes without affecting Ad vector viability.2” The outer 
capsid proteins of Ad, which have been targets for genetic modification, include the 
three major capsid proteins hexon, fiber knob, and penton base, as well as pIX, a minor 
capsid protein (Figure 1(A)). Each has distinct characteristics and can be readily engi- 
neered to present heterologous peptides (Table 1). 


2. Fiber 


Adenovirus fiber protrudes from the 12 vertices of the virion and has a central role 
in host cell attachment and entry.”! The fiber consists of a conserved N-terminal tail 
that noncovalently binds to the penton base, a central rod-like shaft with repeating 
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Figure 1 Antigen incorporation sites within adenovirus capsid. (A) Model of adenovirus 
structure depicting capsid proteins that can be modified to display antigenic epitopes: fiber, 
penton base, protein IX, and hexon. (B-E) Ribbon models of adenovirus capsid protein 
monomers illustrating epitope insertion sites. (B) Insertion sites in fiber knob monomer: loops 
HI (blue (gray in print versions)), FG (red (very dark gray in print versions)), CD (green (light 
gray in print versions)), DE (brown (dark gray in print versions)), and C-terminus (black); 
(PDB 1KNB). (C) Insertion site in penton base: RGD loop (red (very dark gray in print ver- 
sions)); (PDB 1X9P). (D) Insertion site in protein IX: C-terminus (red (very dark gray in print 
versions)); (PDB 3IYN). (E) Insertion sites in hexon monomer: HVR1 (green (gray in print 
versions)), HVR2 (red (very dark gray in print versions)), and HVRS (blue (dark gray in print 
versions)); (PDB 3IYN). 


motifs and a C-terminal globular knob that is the ligand for direct interaction with 
the Ad receptor.” The length of the fiber is variable and depends on the number of 
repeats (specific to the particular serotype) of 15—20 aa connected by a {-turn in 
the fiber shaft. Adenovirus 5 fiber contains 582 aa and 22 repeats in its shaft, and 
is 35-40 nm long. The trimerization of fiber is controlled by sequences in both the 
knob and shaft regions. The terminal knob has the topology of an eight-stranded 
antiparallel -sandwich with interspersing loop regions. These loop regions vary 
from 8 to 55 aa residues and are generally designated as AB, CD, DG, GH, HI, 
and IJ loops!?’:!?8. Some of these loops are surface exposed and flexible and allow 
the insertion of foreign peptides!’ (Figure 1(B)). The insertion of foreign ligands 
into the fiber knob to ablate or alter the natural tropism of the Ad vector to reduce 
vector-associated toxicity or specifically target the transduction of particular cell 
types has been well described. The HI loop of the fiber knob has been the most 
common insertion site.!6?425 The incorporation of the FLAG octapeptide into the 


Table 1 Adenoviral Capsid Proteins for Incorporation of Antigenic Epitopes to Induce Epitope-Specific Immune 
Response 
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HI loop did not ablate fiber trimerization or disturb receptor-binding site local- 
ized in the knob and was accessible to anti-FLAG antibodies, indicating surface 
exposure.’ Subsequently, CD, IJ, and C terminus have also been shown to accom- 
modate RGD peptide successfully to enhance vector interaction with cellular av 
integrins.” In principle, the same locations can also display epitopes to introduce 
pathogen-derived antigens into a host to generate immune responses to the respec- 
tive antigen. Our group demonstrated that an epitope from influenza hemagglutinin 
(HA) displayed on the HI loop induced high levels of HA-specific immunity.” In 
fact, this study compared the immune response generated by incorporating the HA 
epitope into different Ad capsid proteins (hexon, fiber, penton base, and pIX) and 
the fiber-modified Ads induced the strongest anti-HA humoral and CD4 cellular 
immunity. This effect was independent of administering the vectors at equal Ad par- 
ticle numbers or equal HA epitope doses. These results were surprising considering 
that fiber is the least abundant of the capsid proteins. We subsequently explored 
additional epitope-insertion sites within the Ad fiber knob to elicit epitope-specific 
immunity.'’? Adenovirus vectors expressing the 14-mer Pseudomonas aeruginosa 
immune-dominant outer membrane protein F (OprF) epitope 8 (Epi8) in five dis- 
tinct sites of the Ad5 fiber (loops CD, DE, FG, HI, and C-terminus) were compared 
in mouse model of Pseudomonas infection.'’ Insertions in FG or HI loops induced 
strongest humoral, cellular, and protective immunity against Pseudomonas infec- 
tions. Repeat administration of the fiber-modified Ad vectors effectively boosted 
the antigen-specific humoral immune response to levels that exceeded those gen- 
erated by immunization with an Ad vector expressing the full-length OprF trans- 
gene. These fiber-modified vectors also performed well even in the presence of 
anti-Ad5 immunity.!’ Similar observations were also reported by Lanzi et al. using 
ovalbumin-derived epitopes inserted into Ad hexon or fiber proteins.!° After ini- 
tial inoculation, anti-ovalbumin antibody titers were higher with hexon-insertion 
of the epitope. However, after re-administration, fiber-modified Ad showed stron- 
ger amplification of epitope-specific immunity. The ovalbumin epitope was more 
accessible on the naturally protruding fiber protein compared with insertion into 
hexon. This study also demonstrated that anti-Ad antibodies strongly shape the 
anti-epitope antibody responses. Interestingly, mice with serum anti-Ad antibodies 
injected with fiber-modified Ad carrying ovalbumin epitope had higher anti-ovalbu- 
min titer compared with naive mice injected with the same vector. It is likely that 
the binding of anti-Ad antibodies may facilitate vector uptake by antigen-present- 
ing cells through the Fcy receptor resulting in subsequent induction of CD4* T cells 
to provide help for ovalbumin epitope-specific B cells.?8 

Overall, Ad fiber knob presents an excellent choice for incorporating heterologous 
epitopes for vaccine applications, particularly because of the excellent presentation 
of antigens to the host immune system and exceptional boosting potential. However, 
because foreign insertions can potentially affect the trimerization and stability of fiber 
protein or alter Ad infectivity, caution is advised when considering the location on the 
fiber knob or the nature of epitope. Considering the use of incorporation of foreign pep- 
tides in fiber knob, the optimal locales in fiber knob region of additional Ad serotypes 
have been investigated.?®:30 
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3. Penton Base 


The penton capsomere is composed of a homotrimeric fiber and homopentameric pen- 
ton base at the 12 vertices of the icosahedron.”! Together with fiber, penton base has 
a major role in Ad cellular internalization.*!3? After initial attachment of the virus 
by binding the distal C-terminal knob domain of the fiber to primary cellular recep- 
tors (currently known ones are CAR, CD46, CD86, sialic acid, and desmoglein 2 for 
various Ad serotypes), cell entry is gained by the interaction of penton base with sec- 
ondary receptors followed by endocytosis. For most serotypes, RGD loops extending 
from penton base bind to cellular avß3 or avB5 integrins.?? 

Adenovirus 2 and 5 penton bases are composed of 571 aa and consist of two 
domains: the lower one is a typical jelly roll of two four-stranded antiparallel B-sheets 
forming a -barrel and the upper one has irregular folds formed by two insertions aris- 
ing from the lower jelly roll strands??? (Figure 1(C)). The first insertion includes two 
external loops: The first is the highly flexible integrin-binding RGD domain (RGD 
loop) that varies among serotypes in sequence and length. The other hypervariable 
region 1 (HVR1) loop is shorter and projects from the outer surface of the penton base. 
The insertion of an HA epitope in the RGD loop of Ad5 penton was well tolerated and 
immunogenic.2? However, the vector elicited only modest levels of epitope-specific 
immunity compared with fiber- or hexon-incorporated epitope. It is likely that inser- 
tional disruption of the RGD motif impaired the vector’s capacity to transduce the host 
cells, particularly antigen-presenting cells. Furthermore, the location of the epitope 
at the base of the fiber might pose some steric hindrance in its immune presentation. 
Additional studies on the structural and immunogenicity aspects of penton-modified 
Ad vectors are required to assess the value of this site for epitope insertion. 

During its life cycle, Ad3 synthesizes excess amounts of free pentons that sponta- 
neously assemble into dodecahedral virus-like nanoparticles containing 12 pentons.** 
Beside this natural expression, the Ad dodecahedron (Dd) can be expressed in the 
heterologous baculovirus system. Dodecahedron particles composed solely of 12 pen- 
ton base pentamers and without fibers can also be generated. Interestingly, these Dd 
virus-like particles (VLPs) have remarkably efficient intracellular penetration and can 
be engineered to deliver several million foreign cargo molecules to a single target 
cell.’ Dodecahedrons are efficiently taken up by human dendritic cells and induce 
their maturation.’ The crystal structure of Ad3 penton base Dd revealed that the 
N-terminal strand-swapping between neighboring penton base molecules imparts 
remarkable stability to its structure.*’ Other advantages of these VLPs as potential 
vaccine platforms are that they do not carry genetic information, can be easily pro- 
duced on a large scale, seem safe, and induce potent B and T cell responses. The 
fact that two VLP-based vaccines against human papillomavirus and hepatitis B has 
already been approved for human use has heightened interest in Ad3 penton Dd as a 
vaccine platform.*® The distal N-terminus residues of penton base in Dd are exter- 
nally exposed and available for attaching cargo.*’ To attach a protein to the vector, an 
adaptor containing WW domains derived from Nedd4 is used.*>3? The WW domain, 
a fragment of 23-35 amino acids flanked by two tryptophans (W), is a partner of the 
proline-proline-x-tyrosine (PPxY) motif present at the N-terminal extremity of the 
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penton base protein. A tandem of three WW domains, when cloned in fusion with the 
protein of interest, acts as an adaptor attaching this protein to Dd without impairing 
its endocytosis efficiency. A penton Dd-based vaccine complexed with influenza M1 
epitopes and generated through the baculovirus expression system“? was efficiently 
internalized, processed, and presented via HLA class I and cross-presented via class 
I molecules triggering CD4+ and CD8* T cell responses. Upon vaccination of chicken 
with Dd carrying M1 epitopes, both cellular and humoral immune responses were 
elicited in the absence of an adjuvant.*? Similarly, a soluble complex of influenza 
HA with Dd has been engineered.*! Its immunogenicity remains to be investigated. 
Besides targeting infectious diseases, in vivo delivery of antigens by Ad Dd can elicit 
antitumor immunity.*? Adenovirus Dd also improved intracellular delivery of an onco- 
gene inhibitor (mRNA cap analog) to hepatocellular carcinoma and resulted in the 
significant inhibition of tumor growth.** 


4. Protein IX 


Protein IX is a 14.3-kDa minor structural protein of 140 residues on the exterior sur- 
face of the Ad capsid that enhances its structural integrity by stabilizing hexon—hexon 
interactions** (Figure 1(D)). Protein IX is dispensable for virus assembly because 
pIX-deletion mutants assembled to form viral particles but had lower thermostability." 
Protein IX forms a network that lines the boundaries between hexons and cements the 
GON hexons together on each facet. Each pIX monomer has an N-terminal domain, 
a central rope domain, and a conserved C-terminal coiled coil (CC). The N-terminal 
domains of three pIX monomers form a triskelion with four triskelions per 20 facets 
(240 molecules per virion). In Ad5, four CC domains from different triskelions asso- 
ciate into a unique four-helix bundle. Three C-terminal domains associate together in 
parallel structure, whereas the fourth domain originates from a triskelion of the neigh- 
boring facet, and associates to the timer in an antiparallel manner.*°~*? The structural 
model of Ad cement proteins is currently being debated.°°? Protein [X-to-pIX inter- 
action is not required for inclusion in the capsid or thermostability of the particles and 
N-terminal domain of pIX is enough to confer capsid thermostability.** In addition to 
providing stability to the Ad particle, pIX acts as transcriptional activator of Ad genes, 
reorganizes host cell nuclear domains,*? modulates viral tropism, and inhibits antiviral 
immune responses.>* 

Immunoaccessibility studies and cryo-electron microscopy have demonstrated 
that the N-terminus lies hidden between the hexon capsomers whereas the C-terminal 
domain is exposed on the outer surface and accessible to immunoglobulins.*°>> 
The remarkable characteristic of the C-terminus of pIX to tolerate the insertion of 
small or large ligands has made it a popular platform for Ad vector modification 
for retargeting, imaging, or immunization applications (Figure 1(D)). The addition 
of lysine octapeptide to C-terminus of pIX redirected the Ad virus infectivity to 
CAR-deficient cell lines containing heparin sulfate.°° Similarly, incorporation of 
RGD motif to pIX enhanced Ad binding to cells expressing avf integrins.” Bioti- 
nylated Ad vectors can be generated through insertion of biotin acceptor peptide to 
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pIX that can be conjugated to a wide variety of avidin-tagged targeting ligands.>® 
Alternatively, targeting ligands can be coupled to pIX via the genetic inclusion of 
cysteine residues and subsequent chemical coupling of ligands to the reactive thiol 
groups.°? Protein IX is an efficient platform to present larger targeting ligands such 
as single-chain or single-domain®! antibodies, single-chain T-cell receptor targeted 
against MAGE-A1 antigen that have high antigen-binding affinity, and exquisite 
specificity to redirect Ad infectivity. 

Protein IX has also been used to anchor imaging ligands on the Ad surface, pro- 
viding a valuable tool for virus tracking in vitro and in vivo. Fusion of pIX with 
green fluorescent protein was efficiently incorporated into Ad5 capsids, showing 
normal growth characteristics.°>-* Protein IX of canine® and bovine®® Ads have 
been efficiently tagged with fluorescent proteins to generate viable viral particles. 
Adenovirus pIX has been labeled with functional HSV thymidine kinase,6”68 lucif- 
erase,°® and metallothione®?’ proteins. The versatility of pIX was demonstrated in 
a proof-of-principle study to generate a triple-mosaic Ad that simultaneously dis- 
played a FLAG tag, a hexahistidine tag, and a monomeric red fluorescent protein, 
thus combining targeting, therapeutic, and imaging modalities on a single virion.” 

Few studies have demonstrated that pathogen-specific antigens fused to pIX can 
stimulate robust protective immune responses in animals. Because of its capacity 
to accept large proteins, pIX provides an interesting option for the incorpora- 
tion of whole antigenic protein, thus presenting multiple epitopes to host immune 
system for the induction of a broader and more diverse immune response. Fur- 
thermore, pIX may present the proteins in their natural trimeric form, resulting 
in the induction of conformation-dependent antibodies. Boyer et al. developed 
vaccines against pneumonic plague by incorporating Yersinia pestis entire V anti- 
gen or the F1 capsular antigen to pIX C-terminus.’! These Ad vector vaccines 
allowed boosting by repeat administration and stimulated more robust protective 
immune responses compared with equivalent recombinant protein-based subunit 
vaccines administered with conventional adjuvant. In an innovative combination 
approach, Bayer et al. developed an Ad vector that expressed as transgene and 
displayed entire Friend virus (FV) antigen on pIX of Ad capsid.’? This vaccine 
elicited increased neutralizing antibody titers, strong CD4* T cell responses, and 
protection against systemic FV challenge. 

Despite the paucity of studies investigating incorporation of heterologous proteins 
on pIX for immunizations, pIX is an attractive location particularly because of its abil- 
ity to display large, full-length, conformational proteins. However, pIX incorporation 
might not be as effective as fiber knob incorporation, in part because of its relatively 
low accessibility by virtue of steric hindrance from fibers.” It has been suggested that 
addition of a-helical spacers to raise the antigenic protein above the surface of the 
virion might improve its presentation to the immune cells.°’ This has been disputed 
by others.”>73 The C-terminal fusion of exogenous proteins disorganizes the 4-helix 
bundle; however, this does not preclude the incorporation of pIX to the Ad capsid or 
affect thermostability." In contrast to the fiber, for which trimerization is essential 
for its association with the penton base, it may not be essential for pIX to retain its 
capacity to form trimers. 
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5. Hexon 


Hexon is the largest (>900 residues) and most abundant protein of the Ad capsid, 
with 720 copies per virion. The hexons exist as homotrimeric capsomeres distributed 
symmetrically with 12 copies forming each of the 20 capsid facets.*! The hexons are 
classified as H1, H2, H3, and H4, according to their location within each facet of the 
icosahedral capsid.’* Each hexon trimer has a pseudohexonal base and three tower 
domains that are presented to the exterior of capsid. The base of each hexon monomer 
contains two eight-stranded jelly roll domains—V1 and V2—stabilized by an internal 
loop” (Figure 1(E)). Three long loops (DG1, FG1, and FG2) extend from the base 
structure to form the tower region. These loops from adjacent monomers interact, 
providing stability to the capsomere. Analysis of the protein sequences of different 
hexons has revealed high variability restricted to the nine (reassigned from previous 
seven) HVRs confined to the hexon towers.’°:’’ The DE1 loop is the largest and most 
variable and flexible region, which contains HVR 1—6, whereas the FG1 loop contains 
HVR 7-9.7 

Most Ad5-specific neutralizing antibodies are directed against hexon, although 
neutralizing antibodies against fiber have also been reported.’*-*> Efforts have been 
made to replace the Ad5 hexon with alternate serotypes to circumvent the problems 
raised by preexisting immunity. Switching the entire hexon is complicated because 
hexon proteins interact extensively with other capsid proteins that impart stability 
to the Ad structure.®*.*+ Instead, it is more feasible to exchange the exposed HVRs 
against which the serotype-specific immune responses are directed. Although partial 
swap of HVRs has been investigated to escape anti-Ad5 preexisting immunity,!*-®> it 
may be necessary to replace all HVRs to achieve complete evasion of vector-specific 
neutralizing antibodies.” The Ad5-based hexon-modified vectors with all nine HVRs 
replaced with those from Ad43 or Ad48 were not affected by Ad5-specific neutralizing 
antibodies and elicited robust transgene-specific immunity in murine and nonhuman 
primate vaccine models.*°8’ Chimeric hexon-modified Ad5 vector with HVRs from 
Ad48 expressing simian immunodeficiency virus/human immunodeficiency virus 
(HIV) antigens evaded most preexisting Ad5 immunity and induced protective immu- 
nity in preclinical studies in mice and rhesus monkeys.*®** A similar vector encoding 
HIV-1 EnvA protein was safe, well-tolerated, and immunogenic in a first assessment 
of hexon chimeric Ad in humans.*? 

Based on the poor conservation of HVRs and their lack of involvement in main- 
taining structural integrity of hexons, it was hypothesized that HVRs could tolerate 
incorporation of heterologous peptides without impairing virus viability. Hexon was 
the first capsid protein that was genetically modified to display vaccine epitopes.°? An 
eight—amino acid epitope from the VP1 capsid protein of poliovirus type 3 was incor- 
porated into the exposed loops of Ad2 hexon and elicited antibodies against VP1.°° 
Various HVRs were investigated to incorporate Hisg peptides into the hexon. The 
modified viruses were viable and thermostable and retained the infectivity and growth 
rate of an unmodified virus. Hisg epitopes in HVR2 and HVRS bound to the anti-His 
tag antibody, suggesting that the epitopes were exposed to the surface when inserted 
at these locations.?! The capacities and flexibility of Ad5 HVR2 and HVR5 were 


580 Adenoviral Vectors for Gene Therapy 





compared by genetically incorporating identical epitopes of increasing size (33-83 
amino acids). Hypervariable region 5 was more permissive, allowing incorporation of 
65—amino acid—long peptide, whereas the maximum length accommodated in HVR2 
was 45 amino acids.” 

Our group applied capsid-incorporation strategies to develop a vaccine against 
P. aeruginosa.'"-°>-°° An Ad5 vector was modified to include an immunodominant 
14—-amino acid epitope (Epi8) of P. aeruginosa outer membrane protein F (OprF) 
at HVR5 of the hexon (AdZ.Epi8).°° Immunization of mice with AdZ.Epi8 induced 
robust Epi8-specific humoral and IFN-gamma-—positive CD4 and CD8 T cell responses 
and resulted in protection against a lethal pulmonary challenge with P. aeruginosa. 
Importantly, repeated administration of hexon-modified vector resulted in boosting 
of the anti-OprF immune responses.’ Another multimodality vaccine candidate tar- 
geting P. aeruginosa (AdOprF.RGD.Epi8) expressed OprF as a transgene, displayed 
Epi8 epitope at HVR5 of hexon, and carried integrin-binding RGD sequence at fiber 
HI loop.°* The RGD motif enhances the transduction of dendritic cells and increases 
the transgene-specific immune response.’ Immunization of mice with AdOprF.RGD. 
Epi8 induced humoral immunity comparable to AdOprF (non-capsid-modified vector 
expressing OprF) but increased OprF-specific IFN-gamma-—positive CD4 and CD8 T 
cell responses as well as improved protection against P. aeruginosa challenge. More- 
over, in contrast to AdOprF, repeat administration of AdOprF.RGD.Epi8 resulted in 
boosting of the humoral anti-OprF response as well as increased protection. Because 
humoral, mucosal, or systemic opsonizing immunity is most effective to prevent 
P. aeruginosa colonization and infection, capsid antigen-incorporation is a promising 
strategy to develop anti-P. aeruginosa vaccines. 

A B-cell epitope from Bacillus anthracis protective antigen incorporated to HVR5 
of Ad5 hexon elicited IgG1 and IgG2a antibodies in mice that failed to protect mice 
against challenge with anthrax lethal toxin.?’ The inability of vaccine to protect might 
be because of the selection of epitope or the requirement of high titers to neutralize 
secreted bacterial toxin. 

In recent years, capsid-modified Ad-based platforms have been investigated for 
malaria vaccine.?*-!09 A malaria vaccine was generated by inserting a B cell epitope 
derived from a Plasmodium yoelii circumsporozoite (CS) protein (PyCS-B epitope) 
into the capsid proteins (hexon HVR1, HVRS, or fiber HI loop) of Ad5 vector that 
also expresses CS protein and GFP as its transgene.” Repeated immunizations of 
mice with the capsid-modified Ad induced a substantially increased level of protection 
against P. yoelii that correlated with increased anti-PyCS-B antibodies. Hypervariable 
region | modification circumvented vector neutralization by preexisting Ad-specific 
antibodies and maintained immunogenicity of PyCS-B epitope in the HVR1 and CS 
transgene. Most of the capsid-modified Ad vaccines are replication-defective because 
of safety concerns. The exemplary safety and efficacy of orally given lyophilized live 
vaccine to protect United States military personals from serious respiratory disease 
caused by Ad4 and Ad7 could encourage the exploration of vaccines based on repli- 
cating Ad vectors. An orally delivered, affordable, replicating Ad-based malaria vac- 
cine would be tremendously beneficial particularly for the developing world where 
malaria immunization presents its greatest challenges. A replication-competent Ad 
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displaying B-cell epitopes from Plasmodium falciparum CS protein in HVR1 of hexon 
induced high anti-CS antibodies in mice that recognized and neutralized P. falciparum 
sporozoites in vitro.” However, because human Ads do not replicate in mice, their 
safety and efficacy in humans cannot be reliably evaluated in mice. An hr404 muta- 
tion in Ad DNA binding protein gene allows Ad5 to replicate in monkey cells and 
macaques. !0!:!0? Aotus nancymaae monkeys intratracheally immunized with similar 
capsid-modified replicating Ad displaying P. falciparum CS protein and harboring 
mutation to allow replication in monkeys elicited sporozoite-specific antibodies. !°° 
Although enteric immunization elicited only low immunoglobulin (Ig) M and no IgG, 
it efficiently primed the immune response to subsequent intratracheal inoculation. The 
authors speculated that the low viral dose administered in small capsules, failure of the 
hand-coated capsules to survive through stomach, or the difference in susceptibility of 
Ad5 infection of intestinal cells of Aotus and humans could be potential explanations 
for suboptimal efficacy for enteric immunization. The enteric route for such vaccines 
needs to be reinvestigated. A capsid-modified Ad vaccine was developed against Try- 
panosoma cruzi, the parasite causing Chagas disease. An epitope from the gp83 pro- 
tein, a ligand used by T. cruzi to attach to host cells, was incorporated at HVR1 of Ad5 
that induced neutralizing immunity and protection in mice.!° 

Adenovirus 3, member of species B Ad, has been developed as a gene delivery vec- 
tor.!°+ Adenovirus 3 has a distinct tropism and is considered safe compared with Ad5.!°5 
Foreign peptides were incorporated at various HVRs of Ad3 hexon to elicit effective 
immune responses.®>-!0.!07 Enterovirus 71 (EV71) causes hand, foot, and mouth disease 
responsible for high mortality in children. An Ad3-based capsid-modified EV71 vaccine 
incorporating a neutralizing epitope SP70 into HVR1, HVR2, or HVR7 induced suf- 
ficient immunity to protect mice against a lethal EV71 challenge.!°’ This vaccine was 
subsequently modified by incorporation of two EV71 neutralizing epitopes in HVR1 
and HVR2 without affecting stability or growth characteristics of the vectors.*° The 
capsid-incorporation strategy was used to develop Ad7-neutralizing monoclonal anti- 
bodies by replacing HVR5 of Ad3 with HVR5 or Ad7.!°8 Besides the development 
of a vaccine, this may be a useful strategy for development of therapeutic neutralizing 
monoclonal antibodies and may aid in the structural analysis of Ads. 

Most humans lack antibodies to chimpanzee-derived replication-defective Ad 
(AdC68); therefore, AdC68-based vectors can surpass preexisting anti-Ad5 immu- 
nity. As determined by X-ray crystallography, AdC68 contains five variable regions 
(VRI-5S) at the top of the molecule; VR1 is the primary target of AdC68-neutralizing 
antibodies. Influenza A virus vaccines based on AdC68, modified to express a linear B 
cell epitope of the ectodomain of matrix (M2e) incorporated in VR1 or VR4 regions 
of hexon were generated.!° Variable region 1—-modified vectors provided significant 
protection against influenza A challenge, which could be further improved with simul- 
taneous expression of M2e-NP transgene. 

A safe and effective vaccine against HIV has eluded researchers for decades. Ade- 
novirus vectors have been extensively investigated for HIV vaccines; however, clinical 
trials with Ad5-based vectors have been disappointing.'!° Alternate Ad serotypes or 
heterologous prime-boost strategies have been suggested to improve efficacy.!!!:!!2 
Capsid-modified Ad vectors present a promising platform for development of HIV 
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vaccines, !8-72.88.89.113-116 A multivalent vaccine incorporated the 24—amino acid region 
of the HIV membrane proximal ectodomain region (MPER) derived from HIV gp41 at 
hexon HVR2 combined with expression of HIV gag as transgene.!!* Robust anti-HIV 
cellular and humoral responses were elicited in immunized mice. The MPER epi- 
tope was surface-exposed and elicited epitope-specific humoral response that could be 
boosted. In a follow-up cryo-electron microscopy structural study, the structure, flex- 
ibility, and accessibility of MPER epitope in context with Ad capsid and its effect on 
host immune response suggested potential ways to optimize epitope presentation on 
Ad capsids.!!* Gu et al. generated proof-of-concept multivalent Ad5 vectors display- 
ing HIV glycoprotein 41 epitope at HVR1 and Hisę at HVR2 or HVRS. These vectors 
successfully elicited HIV and His, epitope-specific humoral immune response.!!° The 
V3 loop of HIV-1 glycoprotein 120 is an important target for broadly neutralizing 
antibodies and vaccine development. Capsid-incorporation of V3 at HVR1 presented 
V3 similar to native conformation and successfully induced HIV-1-specific humoral 
immune responses. !!° 

A novel vaccine platform for addictive drugs has been developed by covalently 
linking cocaine or nicotine analogs to capsid proteins of noninfectious disrupted Ad 
vector. The disrupted Ad capsid proteins retain the immunologic adjuvant properties 
of an infectious Ad and induced long-lasting high titers to cocaine in mice, rats, or 
nonhuman primates.!!7-120 Administration of this vaccine to mice or rats inhibited 
cocaine-induced hyperlocomotor activity and blocked cocaine-seeking behavior. In 
nonhuman primates, a significant reduction in cocaine occupancy of dopamine trans- 
porter in the brain was observed.!?! Although the vaccine effectively blocked the sys- 
temically administered cocaine from reaching the brain by sequestration in blood, no 
cocaine-mediated toxicity was observed in the peripheral organs of nonhuman pri- 
mates.!!8 In a similar approach, disrupted Ad5 coupled with nicotine analog induced 
high anti-nicotine antibody titers that inhibited nicotine-induced behavior.!2? In fact, 
purified hexon protein alone conjugated with nicotine analog was sufficient to evoke 
high anti-nicotine titers.!? This is not surprising because hexon is the most immuno- 
genic component of Ad capsid.'*!> Interestingly, the disrupted Ad5 platform main- 
tains immunopotency even in the presence of preexisting anti-Ad5 immunity. !?? 

In summary, hexon is the most extensively used protein for capsid-incorporation 
strategies, primarily because of its high copy numbers within the virion and its natural 
role in eliciting anti-Ad immunity. Adenovirus 5 HVRs also interact with coagula- 
tion factors such as Factor X, which is responsible for hepatocyte transduction, and 
with scavenger receptors on Kupffer cells.2+!2+-!7° Modification of hexon HVRs can 
potentially suppress such interactions and may improve the bioavailability of vector to 
the host. In addition, the placement of epitopes on hexon can mask natural hexon-neu- 
tralizing epitopes that might otherwise curtail vector efficacy.'*-*° Comparative studies 
have indicated that hexon modification interferes minimally with virus entry to the cells 
in vitro compared with fiber, penton base, or pIX modification.” However, fiber incor- 
poration of epitope was superior to hexon modification in eliciting epitope-specific 
immunity, particularly after repeat vector administrations.!°-!7.25 Better presentation of 
fiber-incorporated epitopes to the immune cells could be responsible for this observa- 
tion. The nature of epitope and site of incorporation could also affect the differential 
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induction of epitope-specific immune responses. It is also suggested that anti-Ad anti- 
bodies can reduce the accessibility of the epitope when inserted into hexon protein and 
not fiber.!6 Additional conformational studies are required to explain this discrepancy 
and to further improve the hexon-incorporation approach. 


6. Conclusion 


Incorporation of antigenic epitopes on distinct Ad capsid proteins emerged as a prom- 
ising vaccine platform. Antigen-displaying Ads combine the benefits of epitope-based 
vaccines and VLPs while retaining the immunogenicity and adjuvant effects of Ad 
vectors. In particular, the ability of capsid-incorporated vectors to bypass vector immu- 
nity, boost immune response on repeat administration, and induce exceptionally high 
humoral immunity are the most attractive features of capsid-modified Ad vectors. Cer- 
tain other limitations such as Ad-mediated hepatotoxicity and vector uptake by liver 
Kupffer cells can also be addressed. The tremendous flexibility of the Ad platform 
and the ease of introducing elegant genetic modifications to Ad capsid together with 
knowledge of intricate Ad structure had an important role in realizing this strategy. To 
date, numerous preclinical studies targeting relevant infectious diseases and agents 
such as HIV, malaria, P. aeruginosa, B. anthracis, T. cruzi, enterovirus 71, poliovirus, 
and Ad7 have investigated Ad capsid incorporation strategy with encouraging results. 
Further studies need to address issues relevant for use in humans, particularly viabil- 
ity, stability, and growth to high titers in cGMP-compliant fashion. 

Different loci within Ad fiber, hexon, penton base, and pIX proteins have been 
used to present heterologous epitopes to the host immune system. Investigation of 
additional sites within these proteins or in additional capsid proteins of different Ad 
serotypes will further broaden the repertoire of locales and provide extra flexibility to 
improve epitope-specific immunity. 

It is critical to exercise caution when selecting peptides and the location for incor- 
poration. The same peptides might vary in configuration and may not perform iden- 
tically in distinct capsid environments.!!* The structure, size, and electric charge of 
peptides may affect virion stability and viability. Introduction of certain mutations can 
potentially improve the growth rate of capsid-modified Ad vectors.*’ Similarly, the use 
of appropriate spacers or adapters may improve presentation and immunological rec- 
ognition of incorporated peptides.>”:9!:!!4.!!5 A major hindrance in the rational design 
of capsid-modified vectors is an inadequate understanding of the principles that regu- 
late the relationship between epitope presentation and the induction of host immunity. 
It is expected that future studies will include structural analyses to provide precise 
details of epitope structure and conformational presentation in context with Ad capsid. 

One of the most cited constraints to capsid-incorporation strategy is that the size 
restriction of incorporated peptides can limit the breadth of the immune response. 
However, most peptide epitopes are 6—14 amino acids in length and most capsid 
locations may be able to accommodate larger peptides with multiple epitopes, thus 
generating polyvalent vaccines. Adenovirus pIX has the exceptional capacity to 
accommodate full-length large conformational antigenic proteins. More than one 
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location can be modified to insert multiple peptides concomitantly to further expand 
the epitope count. Furthermore, repeat administration can boost capsid-incorporated 
epitope-specific antibody titers to levels even higher than the full-length protein 
expressed as transgene.'°!7 Numerous studies have consistently reported that simul- 
taneous expression of antigenic protein as transgene combined with capsid display 
of epitopes generates strongest cellular and humoral immunity compared with trans- 
gene expression or capsid display alone.7>94-109.113 The outstanding performance of 
these multivalent vaccines is the most encouraging attribute and should be advanced 
further. Motivated by the success of Ad4 and Ad7 vaccines, application of replica- 
tion-competent capsid-displaying Ad vectors that can be delivered orally is another 
fresh approach worth exploring, particularly for endemic infections in the develop- 
ing world. 
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1. Introduction 


The development of molecular therapeutics for the treatment of human disease has 
a rational and predictable course. Because these therapeutics are generally derived 
from an understanding of molecular mechanisms underlying a disease process, the 
treatment strategies are hypothesis-driven and specifically targeted toward a path- 
way underlying the molecular and cellular pathogenesis. Accordingly, in addition to 
establishing therapeutic efficacy, the evaluation of a molecular therapeutic also con- 
firms the importance of a specific genetic or biological pathway in the pathogenesis 
of a disease process. The evaluation of a molecular therapeutic typically begins by 
providing a molecular/cellular proof-of-concept in vitro, followed by an expansion 
of therapeutic principles and toxicological analyses of the intervention in animal 
models, and finally a systematic sequence of safety and clinical efficacy trials in 
human subjects. 

Logically, gene therapy paradigms using adenoviral (Ad) vectors can be expected 
to proceed along this course in order to be considered for the treatment of human 
disease. This chapter will focus on the use of animal models in the process of eval- 
uating Ad gene transfer strategies for the treatment of human cancer. In this respect, 
we will offer a personal perspective, concentrated on outlining principles rather than 
cataloging individual examples. Because the focus is on principles, the review will 
not be an inventory of the various experimental therapeutic strategies for cancer that 
utilize the Ad vector, although specific examples may be cited. Rather, we will use our 
background and experience to illustrate the problems inherent in testing experimental 
hypotheses in animal models of cancer, with the confidence that themes particular 
to our research may have broader applicability. Lastly, because the authors have an 
interest in utilizing Ad gene transfer techniques for the treatment of lung and prostrate 
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cancer, respectively, this chapter will emphasize experimental designs relevant to 
those clinical entities. 

A primary goal of in vivo/animal experimentation is to build on an in vitro proof 
of concept and to strengthen the rationale for clinical testing of an experimental 
therapeutic intervention. To justify animal studies, there should already be an exis- 
tent pathophysiological rationale and/or in vitro experimental data suggesting that 
a strategy is likely to be effective. At this juncture, the investigator is faced with 
the formidable challenge of approximating a human disease in an animal model. 
Although animal models cannot be exact replicas of the human disease, they should, 
at the very least, provide useful molecular and cellular similarities to the pathogen- 
esis and clinical manifestations of the target disease.! For a variety of reasons (low 
expense for breeding and maintenance, susceptibility to tumorigenesis, well-defined 
immunosuppressive states, feasible duration of experimental studies, etc.) mice are 
considered the prototypic animal model for experimentation. Ideally, a mouse model 
would mimic the target human disease in its etiology, genetics, clinical presenta- 
tion, and progression. To model human lung cancer, for example, the ideal mouse 
model would systematically (in defined pathological stages) develop lung cancer 
from exposure to cigarette smoke, and the disease could be characterized by sequen- 
tial gene defects that culminate in the clinical progression that typifies the human 
disease. 


Secondly, in designing the experimental approach, the investigator must also take 
into consideration the “pharmacological intervention or drug” (the Ad vector here) 
that is being tested. Because the ideal drug should have reliable delivery, specific tar- 
geted distribution and mechanism of action, and predictable elimination, the challenge 
to test an Ad vector based-therapeutic in an apt animal model becomes particularly 
daunting for a gene therapist. Thus, to test whether an Ad-based therapeutic will have 
efficacy for the treatment of human cancer, we must (1) model the complex human 
disease in vivo and then (2) test a multi-faceted biological compound with ill-defined 
pharmacokinetic and pharmacodynamic properties that are likely unique to the host 
and/or the disease state. In order to overcome the inherent complexity of the problem, 
we have adopted an approach that uses a combination of models to overcome specific 
deficiencies that accompany each individually. Consequently, we utilize xenogeneic 
models (engraftment of heterologous tissue derived from donors of a different spe- 
cies, typically into an immunodeficient host) to study the therapeutic gene effects and 
Ad vector-target cell interactions. Syngeneic (engraftment of tissue from genetically 
identical donors) and allogeneic (engraftment of tissues from a genetically dissimilar 
member of the same species) models are used to study host-tumor interactions in 
terms of immunological parameters and metastasis. To further discern the specific 
immunologic parameters important for tumor rejection in mice, specific knockout 
(targeted gene disruption) mice are utilized. Lastly, we extensively utilize transgenic 
(in this context, referring to the tissue-specific expression of a transforming oncogene) 
models to study the effects of a molecular therapeutic in the setting of established 
orthotopic (referring to organ- or site-specific) malignancy. We believe that integrating 
the results of these individual approaches will enable us to meet the goals of in vivo 
experimentation for advancing Ad gene therapy. 
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2. Animal Models of Lung Cancer 
2.1 Human Lung Cancer 


Lung cancer is the leading cause of cancer-associated mortality in both men and 
women. Although susceptibility to environmental carcinogens may be predetermined 
and follow a pattern of autosomal dominant Mendelian inheritance,’ lung cancer 
results from an accumulation of acquired genetic mutations.*~ In fact, it is suggested 
that 10-20 genetic mutations may be necessary for the development of lung cancer,’ 
although the discrete steps for the progression of a hyperplastic bronchial lesion to 
metaplasia and anaplasia have not been uncovered. Tobacco use is the strongest epi- 
demiologic risk for the development of lung cancer and it is anticipated that approx- 
imately 10% of all smokers will develop lung cancer over their lifetime.’ Current 
paradigms predict that lung cancer results from the widespread exposure of the car- 
cinogen, leading to a process of “field cancerization” whereby the entire aerodigestive 
track is exposed to the offending agents and leads to the occurrence of synchronous 
and metachronous tumors.’ The tobacco carcinogens apparently invoke the multiple 
clonal chromosomal abnormalities found throughout the airways and alveoli of smok- 
ers.!°:!! Following, the series of genetic mutations likely results in patterned aber- 
rancies in signal transduction and cell cycle pathways, eventuating in malignant and 
metastatic phenotypes.!* The general pattern of genetic changes is characteristic but 
not specific for pathologic subtypes of lung cancer (see below). Overall, K-ras muta- 
tions are observed in 20-50%,!* p53 mutations are present in 50%,'* 60% exhibit 
reduced expression of p16-ink4a,!>!6 and 30% show deletion of Rb. Small cell lung 
cancers (SCLCs) display a greater proclivity to c-myc amplification and a greater 
degree of p53 (80%) and Rb mutations (90%). Chromosome 3p deletions, occurring at 
a chromosomal fragile site that includes the FHIT locus, are found in 50% of NSCLC 
and in 90% of SCLC primary tumors.!” Overexpression of the tyrosine growth factor 
receptor erbB2-neu is seen in 10-30% and overexpression of bcl-2!8 in 10-25%of 
NSCLC tumors.!? 

Clinically, lung cancer is discriminated into SCLC and non-small cell (NSCLC) 
categories by histopathology or cytopathology and by their characteristic clinical pre- 
sentations and divergent responses to conventional cytoreductive therapies. NSCLC 
may be further subclassified pathologically into squamous cell, adenocarcinoma, 
bronchoalveolar cell carcinoma (BAC), adenosquamous (mixed pathology), or large 
cell carcinoma. As noted above, the progression of lung cancer from a premalignant 
state to the clinical/pathological entity that is diagnosed in the vast majority of patients 
is unknown. This is because although the disease is very prevalent, it is typically diag- 
nosed when it has already spread outside the lungs and is pathologically advanced. 
Not surprisingly, because of the late stage of diagnosis, progressive genetic instability 
confers marked genetic and phenotypic heterogeneity within lung cancers, even in 
individual patients. The late stage of diagnosis also results in an absolute lack of pre- 
malignant material, making it difficult to assign specific roles for the genetic muta- 
tions in the systematic progression of lung cancer. Recently, however, some of the 
characteristic genetic mutations of lung cancer (e.g., loss of heterozygosity (LOH) 
at chromosome 3p, p53 mutations) are being identified in microdissected dysplastic 
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epithelium.” Similar observations are implicating the characteristic K-ras abnormal- 
ities in lung cancer as a correlate of mucinous differentiation.2! A precursor to lung 
adenocarcinoma, a lesion pathologically termed alveolar atypical hyperplasia (AAH), 
is being advanced. AAH is described by increased cellular proliferation when com- 
pared to adjacent normal parenchyma, and by immunohistochemical evidence of p53 
stabilization, k-ras mutations, and c-erb-B2 overexpression.”*-** The presence of 
these mutations in AAH may explain why such mutations may be detectable in spu- 
tum cytology specimens that predate the onset of clinical lung cancer.” Identification 
of these early events is a particular focus of study because they may serve as genetic 
markers for malignant progression, or as targets of specific genetic or chemopreven- 
tive approaches. More relevant to this discussion, perhaps, these early events may be 
better modeled in murine models than late stage lung cancer (see below). Thus, there 
exists an inherent complexity in human lung cancer and to precisely recapitulate the 
disease process in animals is not possible. 


2.2 Animal Models of Human Lung Cancer 
2.2.1 Murine Lung Cancer and Transplantable Allografts 


Due to time of model development, ease of experimentation, and cost restraints, murine 
models of disease are the accepted standards. However, there are generic shortcom- 
ings in this approach. For example, cigarette smoke, which is a strong epidemiologi- 
cal risk for the development of human lung cancer and is proximally responsible for 
approximately 85-90% of lung cancer cases in humans,”° is only weakly carcinogenic 
in mice.?”78 In addition, although both mouse and human lung adenocarcinomas may 
share common molecular defects,” the histopathological repertoire of spontaneous 
or induced tumors in mice is very limited,??“° and morphologically, nearly all mouse 
lung tumors bear structural similarities only to BAC or well-differentiated adenocarci- 
nomas. Consequently, whereas humans typically die from lung cancer of “late stage” 
metastatic disease, mice succumb to respiratory failure following the diffuse involve- 
ment of their lungs by “early stage” carcinoma in situ.! 

Spontaneous lung cancer develops in 3% of wild mice*!3* with strain-dependent 
sensitivity. Clones have been isolated from spontaneously arising tumors and estab- 
lished as cultures in vitro. These cultures now serve as a readily available source for 
the generation of transplantable allografts. Many investigators, including our group,**~°* 
have extensively utilized line 1 alveolar carcinoma (L1C2), a murine lung cancer 
cell line that is syngeneic to BALB/c, and 3LL (Lewis lung cancer) that is syngeneic 
to C57B1/6. Usually, these cell lines are utilized to generate transplantable heterotopic 
(referring to a location outside of the organ of origin, typically subcutaneous) tumors 
in syngeneic mice. Our group has utilized these models to investigate, in general, the 
interplay between the immune system and the host. Both L1C2 and 3LL tumors are 
relatively “nonimmunogenic,” as is human lung cancer, and immunogenetic strategies 
that modulate the immune system to generate an antitumor immune response can be 
systematically investigated in these models. However, other lung tumor allografts, 
especially when cells are selected to express “marker antigens” to enable their easy 
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detection in culture systems, may indeed become immunogenic. Notably, the trans- 
plantable allograft system is artificial, and all recipient hosts have a “stress” response 
to the implanted tumor that cannot be recapitulated in control animals. In addition, 
extrapolating antitumor responses in mice to humans is not a straightforward prop- 
osition, and many therapies that reliably “cure” tumors in inbred strains of mice are 
not as effective in humans. In part, these differences may be attributable to differences 
in immune responses in the two hosts. For example, cluster determinants (CD anti- 
gens) in murine strains may not have homologous or functional cellular analogs in the 
human host. 

Laboratory animals used for medical experimentation are genetically inbred 
strains with reliable phenotypic characteristics. Although this feature imposes a 
generic limitation on the extrapolation of results in lab animal studies to outbred 
populations, and thus, human disease, there are significant advantages that need 
to be considered. The inbred nature of laboratory animals enables investigators to 
reliably establish disease in an animal host and subsequently to study that disease 
process in controlled subsets. With respect to tumorigenesis, murine-A/J and SWR 
strains are the most sensitive, BALB/c is of intermediate sensitivity, and DBA and 
C57BL/6 are the most resistant. Crosses between susceptible and resistant inbred 
mouse strains may allow for the mapping of modifier loci for the development of 
lung cancer.?? For example, it is reported that the propensity of strains to develop 
lung tumors correlates with a polymorphism in the second intron of K-ras.*° Practical 
experience suggests that there are common genetic alterations affecting known 
tumor suppressor genes and proto-oncogenes occur during mouse lung carcinogenesis. 
Molecular abnormalities may also be shared with human lung cancer, and K-ras 
activation is a conspicuous example.*! Human adenocarcinomas commonly carry 
K-ras mutations; most of these mutations are in codon 12 and are transversions of 
GGT to either TGT or GTT. It is postulated that these mutations occur early in lung 
cancer pathogenesis since they can be detected in sputum samples of smokers prior 
to the clinical diagnosis of lung cancer. Analogously, 80-90% of both spontaneous 
and chemically induced murine lung tumors contain K-ras mutations. Moreover, 
K-ras mutations also occur early in murine lung tumorigenesis, and remarkably, 
codon 12 is the site of genetic change induced by many chemical carcinogens. ! 
Furthermore, a consistent loss of mouse chromosome region 4, an area that contains 
the mouse homolog of the human p/6-ink4a,*?*> has been described to result in an 
allelic loss of the p/6-ink4a seen in 50% of mouse adenocarcinomas. Similarly, p53 
mutations are found, albeit infrequently,** although mouse chromosomal regions 
containing p53 and Rb more commonly exhibit LOH.® Reduced expression of Rb 
and p16 and increased c-myc expression?’ have also been reported. These common- 
alties have suggested some to conclude that mouse and human lung carcinomas are 
sufficiently similar for the murine model to be informative! and have formed the 
rationale for the testing of chemopreventive strategies?’ in mice. Analogously, these 
commonalties may be advanced to form the basis for the testing of genetic therapies 
in murine tumors as well, perhaps with questionable legitimacy. 

Mice strains also vary with respect to inducible tumorigenesis. Generally, mice 
that are sensitive to the development of spontaneous lung tumors are also at the 
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highest risk for chemically induced tumors?! and form the basis for the quantitative 
carcinogenicity bioassays. Although a variety of agents, including urethane, met- 
als, concentrated components of tobacco smoke such as polyaromatic hydrocarbons 
and nitrosamines,*>*° can induce lung cancer in mice, tobacco smoke per se is only 
weakly carcinogenic.’ Murine lung tumors histologically resemble early lesions that 
originate peripherally (from type 2 alveolar cells or Clara cells) and simulate papillary 
or BAC. In contrast, the bulk of human tumors are bronchogenic (arise in the airways) 
and, as described above, display a broad histopathologic variation. In fact, individual 
human lung cancers may be histologically heterogeneous, i.e., they often displaying 
mixed morphologies within the same tumor specimen. So how does one reconcile 
these differences between murine lung cancer and human lung cancer? and moreover, 
can one generalize observations and results from one species to another, or even from 
one human being to another? When considered in the context of adenoviral gene deliv- 
ery, there is a limiting paucity of in vivo data to generate any broad conclusion. On the 
contrary, our observations in vitro suggest that gene transfer into subtypes of human 
lung cancer is highly variable, and strategies directed toward achieving intratumoral 
gene transfer may require patient or disease-specific vector formulations.*” 

The biological heterogeneity of human lung cancer drives our investigations along 
specified pathways, utilizing many different models and strategies to come up with 
viable treatment approaches. For instance, we believe that a systematic assessment of 
the efficiency and optimal route of Ad gene delivery in vivo into murine lung tumors 
and transplanted human xenografts needs to be performed. Researchers are beginning 
to identify the Ad cellular attachment receptor (termed the coxsackievirus—adenovirus 
receptor, CAR*’) as a major determinant underlying efficient transduction.*? Along 
these lines, the scope and “polarity” of CAR expression in tumors in vivo needs to be 
defined. Thus, one focus of our program is to systematically evaluate gene transfer 
into these model systems using conventional and retargeted Ad vectors with the aim of 
optimizing a vector system and a mode of delivery. This focus evolves from the prem- 
ise supported by our in vitro data that the histological heterogeneity of lung tumors 
may be a harbinger of variable responsiveness to both Ad entry and/or the efficacy of 
Ad gene therapy.*’ Because targeting of tumor in vivo may be unattainable, we have 
also generated protocols in which the Ad vector is used in precisely controlled ex vivo 
“dosing” approaches to genetically modify antigen-presenting cells (APCs) or tumor 
cells to vaccinate the host against their tumor.?” 


2.2.2 Murine Models that Spontaneously Develop Lung Cancer 


Murine models of lung cancer include strains susceptible to chemically induced tumors 
and transgenic strains that express viral and cellular oncogenes. The simian virus-40 large 
TAg (SV40-TAg) has been commonly used to produce tumors in transgenic mice.>?>! 
SV40-TAg binds and incapacitates the cell cycle checkpoint and DNA-binding capabil- 
ities of the p53 and Rb gene products, resulting in uncontrolled cellular proliferation.’ 
To develop a murine model of lung cancer, Wikenheiser and colleagues chose to express 
the SV40-TAg under the transcriptional control of the lung-specific human surfactant 
protein C (SP-C) promoter in transgenic mice.°*°* They demonstrated that these mice 
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consistently developed multifocal lung adenocarcinomas that had pathological features 
similar to some human lung adenocarcinomas, and that the mice succumbed to respira- 
tory distress by age 4—5 months. As expected, the transgenic animals developed no tumors 
in any other organ systems, although some nonmalignant tissue also expressed the trans- 
gene." Within the lungs, tumors consistently involved the bronchiolar and alveolar regions 
of the lung while sparing the large airways. The tumors of these mice also varied with 
respect to the expression of the large TAg, suggesting perhaps that SV-40-TAg may con- 
tribute to transformation, but continued expression may not be necessary for tumor pro- 
gression. Likewise, organ-specific expression of SV40-TAg using the regulatory regions 
of uteroglobin°> and the Clara cell-specific M, 10,000 protein (CC-10) also results in the 
induction of lung tumors.°° Uteroglobin is a marker protein for the non-ciliated epithelial 
Clara cells, the source of xenobiotic metabolism in the lung, lining the respiratory and 
terminal bronchioli of the lungs. In animals expressing SV40-TAg under the uteroglo- 
bin promoter control, the pulmonary epithelium was morphologically normal at 2 months, 
dysplastic by 4months, and transgenic animals were described as developing multifocal 
pulmonary adenocarcinoma present in various stages of differentiation by 5 months of age. 
In situ hybridization studies suggested that tumors did not contain the transcripts of the 
uteroglobin gene, and again, late stage tumors lost expression of the large TAg. Tumors 
also formed in the urogenital tract where uteroglobin is also expressed. 

Transgenic mice were also generated using the CC-10kDa promoter driving SV-40 
large TAg,°° and it is in this model that we have chosen to test the immunomodula- 
tory capacity of secondary lymphoid chemokine or slc.’ In the 7736-mouse line, 
CC-10TAg-transgenic mice develop multifocal pulmonary adenocarcinomas and suc- 
cumb to respiratory failure at 16—20 weeks of age. Pathology is localized to the lungs, 
and the tumors express the large TAg in normal Clara cells and in transformed tumor 
cells. Pathological progression is similar to that described above, with the lungs appear- 
ing morphologically normal at 2months of age, a number of tumor foci are grossly 
discernable by 3 months, and the majority of the lung is replaced by coalesced nodules 
by 4months of age. As tumor progresses, the expression of endogenous CC-10 expres- 
sion diminishes, and there is an increased nuclear p53 expression, suggesting binding 
and stabilization of the protein by the large TAg.°° From our standpoint, we have found 
that the reliable progression of lethal tumors in these transgenic mice enables us to test 
a number of hypotheses, dosing schemes, and dosing routes. Importantly, the effects 
of immunomodulation by the gene transfer of specific cytokines and chemokines into 
tumor cells in vivo can be determined. Moreover, one can compare this direct-delivery 
strategy with alternative approaches, including ex vivo modification of autologous APCs 
using recombinant Ad vectors. The subsequent reintroduction of gene-modified APCs 
back into the tumor environment overcomes the inability of dendritic cells (DCs) to mat- 
urate in the presence of tumor in vivo” by providing functional APCs that are capable of 
processing and presenting tumor antigens to cytolytic T cells in vivo.° 


2.2.3 Murine Models with Transplantable Xenografts 


Xenotransplantation of human tumors into immunocompromised mice began in the 
late 1960s°* following the discovery of the nude mouse in 1962 and its characterization 
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as an athymic mutant in 1968.°° The morphologic and karyotypic stability of tumors 
serially passaged in nude mice was described, and it was established that xenotrans- 
planted tumors in nude mice often retained distinctive phenotypic and functional 
characteristics found in the human host.°! However, the “tumor-take” rate for nude 
mouse xenotransplants is tumor-specific, and generally, carcinomas are more diffi- 
cult to establish than melanomas or sarcomas.” Thus, progressive tumor growth from 
inoculated primary tumors (i.e., cultured directly from the patient) is observed in only 
33% for lung cancers®!-° and is virtually nil for primary breast or prostate cancers. 
In addition to properties inherent to the tumor, nude mouse-related factors also impact 
on tumor-take. For example, mice infected with the mouse hepatitis virus do not accept 
xenotransplants, presumably because of enhanced NK cell activity. In this regard, it 
is important to recall that although nude mice lack functionally mature T cells, they 
are capable of mounting normal humoral responses to T-cell-independent antigens® 
and they exhibit high NK cell activity,°° and these properties probably impact nega- 
tively on the tumor-take rate of xenotransplants. The high NK cell activity also abro- 
gates the metastatic potential of implanted tumors, and the incidence of metastasis is 
higher in mice with lower NK cell activity, e.g., young (3-week-old) syngeneic mice 
or the beige (bgi/bgi) mutants derived from the C57BL/6 mice.67-68 

The discovery of a severe-combined immunodeficiency in mice®? offered yet 
another option for hosting human tumor xenografts. The scid/scid mice are charac- 
terized by the virtual absence of functional T and B lymphocytes due to aberrancies 
in the rearrangement of antigen receptor genes.’° The first successful engraftment of 
human solid organ tumors into scid mice began with the subcutaneous inoculation 
using the A549 lung adenocarcinoma cell line.’! Since that time, a variety of human 
solid organ cancers, both from cell lines and primary tumor specimens, have been suc- 
cessfully engrafted.’? The higher rates of successful engraftment, presumably because 
of the lack of residual B-cell function in scid mice, have led many investigators to pre- 
fer scid/scid mice over nu/nu mice as the host recipients of human xenograft tumors. 
Xenografts are still impacted upon by the scid host’s innate immunity, and NK and 
monocyte/macrophage activities can be upregulated in these hosts. For specific needs, 
selective breeding of other available mutants (beige mutants with reduced NK cell 
activity and osteopetrosis with altered macrophage differentiation) enables the gen- 
eration of strains that harbor overlapping defects in immune function.” Furthermore, 
genetic engineering and gene-targeting technology has helped create murine mutants 
with exquisitely specific immune defects, including mice in which CD4 or CD8 
T cells are deleted’* and mice which lack B2 microglobulin and thus do not express 
transplantation antigens.’> 

Xenotransplants have many advantages, the primary being that they provide a 
replenishable source of human tumor. This enables the genetic characterization and 
gene discovery of tumor-specific phenotypes, and in rare occasions, the progression 
toward an advanced or metastatic phenotype of the tumor (e.g., from an androgen- 
dependent prostate tumor to one that is androgen-independent, see below). Xenografts 
incorporating human tumor cells in immune deficient mice are plentiful. For exam- 
ple, we have developed a novel animal model mimicking intrapleural malignancy 
that allows for a controlled, focal dosing of reagents, and evaluation of therapeutic 
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benefit.” The model is comprised of 2.5cm segments of rat intestine that is denuded 
and then everted so that the serosal surface is converted into the lumenal surface of 
a tube. Lung cancer cells are instilled into the lumen via a polyethylene cannula on 
day —1, allowed to adhere to the serosal surface overnight, and this tubular xenograft 
is implanted into the interscapular subcutaneous tissue of a nude mouse on day 0.76 
The graft simulates metastatic tumor growth on the pleural surface basal lamina both 
grossly and histopathologically and enables robust quantitation of tumor kinetics.’ 
The appearance of tumor on this surface is nodular, and these nodules coalesce over 
time with intervening fibrous stroma. Neovascularization is evident on histological 
exam of the graft, and tumor growth is continuous with a variety of NSCLC cell 
lines. We have found this model to offer certain tangible advantages. For example, 
with respect to the transduction characteristics of tumor, the value of this model is 
evidenced by (1) the cells are representative of human lung cancer; (2) the location 
of the tumor is precisely known and tumor is directly accessible; (3) the vast majority 
of cells that repopulate the graft are derived from those instilled (host leukocytes and 
fibrocytes comprise the remaining minority); (4) the mode of delivery of reagents 
(fluid inoculation rather than intratumoral injection) is designed so as to be clinically 
applicable for installation into pleural space; (5) the size of the xenograft enables 
quantitative assessments of transgene expression and morphometry simultaneously 
containing human tumor into nude mice.’° 


2.3 Gene Therapy of Lung Cancer Using Ad Vectors 
2.3.1 Gene-Based Therapies Targeting Molecular Transformation 


Abnormalities at the cell surface (e.g., erbB2), signal transduction (e.g., ras onco- 
gene), gene regulation and cell cycle control (e.g., p53, Rb, c-myc oncogene), or apop- 
tosis (e.g., p53, BCL-2) are all implicated in the process of transformation and can 
serve as targets for rational therapeutic intervention. For example, to overcome the 
deficits due to mutated p53, one strategy for lung cancer gene therapy has opted to 
replace the mutated p53 gene with a normal copy.” Restoring p53 function in these 
cells has led to decreased tumorigenicity of human cancer cells in vitro and in animal 
models.’*:”? Based on these preliminary studies, the first clinical gene therapy trial 
for human NSCLC also utilized a p53 gene transfer strategy.’’ In this study, nine 
patients with advanced NSCLC were treated with either bronchoscopic or percutane- 
ous CT-guided injections with a retroviral p53 expression vector (a genetically reengi- 
neered retrovirus that is designed to integrate into the cell genome and express the 
normal p53 protein). Of the seven patients evaluated, three showed evidence of tumor 
regression at the treatment site and six showed increased apoptosis of tumor cells 
on posttreatment biopsies. Importantly, there was no significant toxicity associated 
with the therapy, and in situ gene transfer was achieved. However, limited therapeu- 
tic efficacy was observed and the mechanisms responsible for the antitumor effects 
are still under study. For example, although it was originally believed that mutated 
p53 function would have to be compensated in each and every cell for restoration of 
the normal apoptosis program, the results suggested otherwise. Because there was 
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substantive tumor regression despite poor in situ gene transfer, mechanisms for the 
observed “bystander effect” were hypothesized.®° The term “bystander effect” refers 
to the ability of gene-modified tumor cells to mediate killing of neighboring non- 
transfected cells. One plausible explanation is that wild-type p53 induces release of 
angiostatic factors, thus undermining the blood supply to the tumor.*! In addition, the 
expression of p53 may also contribute to an immune-mediated response.***? These 
issues have led to more mechanism-based bench and animal studies, as well as other 
Phase 1 clinical trials using Ad vectors encoding the p53 gene for a variety of cancers, 
including lung tumors.** 

Because of the high frequency of p53 mutations, another strategy that uses replica- 
tion-competent viruses has been hypothesized to be ideally suited for lung cancer. This 
approach employs adenoviruses (mutant d11520 or ONYX-015) that are suggested to 
selectively replicate in p53-mutated (therefore, selectively in cancer) cells.8586 Con- 
sequently, these mutant viruses are promoted as “magic bullets” that kill tumor cells 
and leave normal tissues intact. This particular approach has generated considerable 
controversy both in terms of its reputed efficacy as well as its proposed mechanism of 
action. In brief, its effectiveness in both in vitro and in vivo models of lung cancer 
needs to be confirmed. Nevertheless, the approach represents a prime example of a 
novel hypothesis-driven strategy that attempts to exploit the biology of a mutant virus 
to clinical advantage. 


2.3.2 Immunogene Therapy 


Effective immunotherapy has the potential for systemic eradication of disease, a 
payoff that is especially enticing for the treatment of lung cancer. Previous, largely 
unsuccessful immunomodulatory campaigns utilized nonspecific immune strategies 
(e.g., BCG adjuvants). Increasingly, the interest now is in developing specific immune 
interventions for lung cancer. The major obstacle for effective immunotherapy of 
lung cancer has been a meager understanding of the immunobiology of this disease. 
However, a better understanding of the reciprocal interaction between the tumor and 
the immune system is starting to emerge, lending itself to plausible hypotheses for 
intervention. We realize that an effective antitumor response may either provoke the 
immune system to recognize and attack the tumor, or conversely, it may serve to 
reduce the immunosuppression encumbered upon the host by the tumor. 

Specific and effective antitumor immunity requires both adequate tumor antigen 
presentation and the subsequent generation of effector lymphocytes. A variety of 
cytokines have been investigated to implement such a program in situ,°”°’ and many 
of the studies have utilized the Ad vector for gene delivery. For several reasons, our 
efforts have focused on IL-7, IL-12, and more recently on the chemokine s/c, for the 
treatment of lung cancer. The rationale underlying the use of these particular cytokines 
and chemokines is that they all optimize conditions for tumor antigen processing and 
presentation by the host’s APCs, and they help appropriately localize and sustain the 
effector lymphocytes response.*®37:97.98 

Although the cellular infiltrates differ depending on the cytokine and model used, 
many studies indicate that tumor cells that have been transfected with cytokine genes 
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can generate specific and systemic antitumor immunity in vivo. Based on these prom- 
ising animal studies, what prevents these strategies from being translated into success- 
ful and curative human clinical trials? One major problem in human cancer patients 
may be that although lung cancers express tumor antigens,” they are ineffective as 
APCs.!°° Tumor cells cannot function as APCs because (1) they lack costimulatory 
molecules, (2) they are unable to adequately process Ag, and (3) they secrete a variety 
of inhibitory peptides which promote a state of specific T cell anergy. Thus, even for 
highly immunogenic tumors, professional APCs are required for antigen presenta- 
tion.!°! As described above, local augmentation of IL-7 and IL-12 may help to over- 
come some of these defects.*’ In addition, one may bring into the tumor environment 
professional APCs to orchestrate a satisfactory immune response against the tumor. 
In this regard, DCs are potent APCs that are ideal for interacting with and activating 
naive T cells to generate antigen-specific immunity. !0%!03 Recent advances in the iso- 
lation and in vitro propagation of DC have stimulated great interest in the use of these 
cells for clinical cancer therapy.!°*:!°5 In such approaches, DC may be envisioned to 
serve as vehicles for genes expressing antigens!°° or expressing cytokines in lung 
cancer gene therapy.*? In addition, DC-based immunogenetic therapies may be used 
in combination with other strategies that have been optimized for Ag presentation.*+>7 
Importantly, of the various approaches tested to gene modify the DCs, our colleagues 
at UCLA have determined that the Ad vector is best suited for DC transduction.!°” 


2.3.3 Targeting Tumor Invasion and Angiogenesis 


Overcoming metastatic disease is paramount for effective lung cancer therapy, and 
the biology underlying metastasis is gaining clarity. Metastasis is a process involv- 
ing several complementary yet distinct elements, including the capacity for tumor 
cells to invade and traverse the basement membrane and to reestablish viable tumor 
foci in distant organs. Each step in this process may serve as a point for therapeutic 
intervention in lung cancer. As the molecular biology becomes better understood, the 
opportunity to incorporate specific genes into vector systems invariably materializes. 
The initial step, tumor invasion, requires proteolysis which has been suggested to be 
mediated by an overexpression and secretion of matrix metalloproteinases (MMPs) 
by lung cancer cells.!°8-!!! Therapeutically, gene transfer strategies have incorporated 
tissue inhibitors of metalloproteinases to inhibit invasion and metastasis!!? or have 
utilized antisense abrogation of MMPs to inhibit tumorigenicity. |! 

Similarly, angiogenesis (induced growth of blood vessels) is suspected to be critical 
for tumor survival and progression at each stage of metastasis.!!+ Angiogenic pro- 
gression in lung cancer is felt to be due to an imbalance of angiogenic and angiostatic 
factors, and the risk of metastasis in NSCLC directly correlates with the extent of 
tumor-derived angiogenesis.'!* Thus, strategies that inhibit angiogenic mediators or 
restore angiostatic factors have potential utility for all stages of lung cancer.!!>-!!9 
The important mediators implicated in promoting or inhibiting angiogenesis lend 
themselves favorably for inclusion into gene therapy strategies. For example, recent 
studies indicate that vascular endothelial growth factor (VEGF) is an important angio- 
genic factor produced by a variety of tumors, including lung cancer. Lymph nodes with 
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NSCLC metastases express significantly higher levels of VEGF than do normal, unin- 
volved nodes, !”° consistent with the speculation that VEGF plays an important role 
in the metastasis of lung cancer. In addition to VEGF, recent studies have also impli- 
cated CXC chemokines in the abnormal angiogenic/angiostatic balance in NSCLC. !?! 
Members of this family containing the ELR motif (e.g., IL-8) are angiogenic, whereas 
those that lack this motif (e.g., interferon-inducible protein 10, IP-10) are angiostatic. 
Accordingly, neutralizing antibodies to IL-8 reduces angiogenesis and consequently 
the growth of human lung tumors in SCID mice.!?? 

Other molecular strategies to specifically target angiogenic vessels are also being 
developed. For example, the adhesion protein aß; is relatively specific for angiogenic 
vessels where it mediates endothelial cells interaction with extracellular matrix com- 
ponents!?> and enables cell motility. !?*4 Importantly, its blockade can promote tumor 
regression in vivo in lung cancer models by inducing apoptosis of tumor-associated 
blood vessels.!2° More recently, phage display peptide libraries, which are used to 
screen the specific binding of a massive array of peptides, have isolated small peptides 
which selectively bind to receptors (including 0,63) on angiogenic vessels. Conjugat- 
ing these peptides to chemotherapeutic agents has enabled investigators to specifically 
target tumor vasculature and abrogate tumor growth. !?6 


2.3.4 Adjuvants to Conventional Therapeutic Approaches 
for Lung Cancer 


Conventional multimodality therapy for lung cancer incorporates surgery, radiation, 
and chemotherapy using a variety of clinical protocols dictated by the subtype and 
extent of disease. Theoretically, gene therapies may play important synergistic roles 
in augmenting the effectiveness of conventional approaches. For many such strategies, 
there already exists a scientific rationale to test them in combination with conven- 
tional multimodality therapy. For example, one may enhance the radiation sensitivity 
or chemosensitivity of tumor cells (e.g., p53 or IkBa gene therapy)!2”!78 or modify 
normal tissue susceptibility to cytoablative therapy (e.g., mucosal/tissue protection: 
by virtue of MDR-/ or bFGF gene transfer). Examples of synergism with the suicide 
gene therapy approaches have also been studied. The herpes simplex virus (HSV) thy- 
midine kinase gene/ganciclovir system induces radiation sensitivity into transduced 
tumor cells!2° suggesting that these two forms of therapy can be combined to potenti- 
ate antitumor responses.!*° Similarly, tumor cells transduced with the cytosine deam- 
inase transgene exhibit enhanced radiation sensitivity following pretreatment with 
5-fluorocytosine.!3! Because the loss of p53 function can result in tumor resistance 
to ionizing radiation,'** restoring p53 function may restore apoptotic pathways, and 
promote effective radiation or chemotherapy. In fact, gene transfer of wild-type p53 
has been shown to enhance radiation sensitivity!*? and can act synergistically with 
cis-platinum-based chemotherapy to augment cytotoxicity. !34 

Many of the approaches outlined above as being strategies for gene therapy of 
“lung cancer” are generic; these approaches can be generalized to a variety of malig- 
nancy since transformed cells have in common the same aberrant growth regulatory 
and signal transduction pathways. The molecular and cellular pathogenesis of tumor 
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invasion and immune evasion is also similar between tumors originating in diverse 
organ systems. Unfortunately, this commonality may not confer a broad-based advan- 
tage when gene therapy strategies are advanced clinically. In this respect, vectors 
need to provide both efficient gene delivery as well as tumor specificity, and as a 
result, the gene transfer strategies have to become “disease specific.” Targeted vectors 
(as discussed elsewhere in this compilation) have to incorporate features rendering 
them capable of selective cell surface adherence or entry, or alternatively, have to 
express their therapeutic transgenes under tumor-specific regulation. Unfortunately, 
a lung cancer-specific cell surface target (for transductional targeting) has not been 
identified, and one is left trying to use targets that are generally overexpressed in 
tumor cells or tumor-induced endothelium. 135-136 Similarly, lung cancer also does not 
express a specific tumor marker. Thus, transcriptional targeting approaches largely 
utilize elements that are “tissue specific” rather than “cancer specific.’ Accordingly, 
constructs where transgene expression is regulated by tissue-specific promoters (e.g., 
SLPI, SP-A, CC-10) are being actively developed and tested. 


3. Animal Models of Human Prostate Cancer 


3.1 Human Prostate Cancer 


After lung cancer, cancer of the prostate (CaP) is the second most common cause of 
cancer death in American males. A latent disease, many men have prostate cancer 
cells long before overt signs of the disease are apparent. The annual incidence of CaP 
is over 100,000 in the United States, of which over 40,000 will die of the disease. 
Nearly one-third of patients present with locally advanced or metastatic disease, and 
androgen deprivation therapy forms the basis of conventional therapy for the major- 
ity of these patients. However, currently available approaches for advanced CaP are 
not curative,'>’ primarily because the cells lose their dependence on androgenic 
stimulation. The mechanisms of progression of CaP cells to hormone independence 
under androgen ablation therapy remain unclear. To investigate the factors and mech- 
anisms that underlie the development of androgen resistance and metastasis, reliable 
in vivo models that mimic human CaP progression are essential. Moreover, it is criti- 
cal that tumor models mirror the pathology, cellular, and molecular characteristics of 
human CaP if it is to serve as a useful tool for basic research, drug screening, or for 
the evaluation of new therapeutic strategies. 


3.2 Spontaneous and Transgenic Models 
of Human Prostate Cancer 


Currently, a single animal model cannot epitomize the multifaceted aspects of CaP 
pathogenesis and progression. Rodent models of prostate carcinoma have been 
developed by hormone treatment,!** spontaneous development,!*? transgenic pros- 
tate-specific oncogene expression, '*° and knockout of CaP tumor suppressor genes. !4! 
However, these models are largely inadequate in recapitulating the progression of 
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human disease as bone metastasis,!*? the major cause of clinical morbidity attribut- 
able to CaP. Despite pitfalls, the mouse transgenic TRAMP model has been useful 
for studying the development and progression of prostatic adenocarcinoma. TRAMP 
mice, generated by expressing SV40-TAg specifically in prostatic epithelium, !*° 
develop prostatic intraepithelial neoplasia (PIN) by 10-12 weeks of age, and eventu- 
ally progress to adenocarcinoma with metastasis to lymph nodes and lungs.'*3 As in 
human disease, androgen ablation therapy in these mice contributes to the emergence 
of androgen-independent disease with a poorly differentiated phenotype.!** 


3.3 Xenograft Models of Human Prostate Cancer 


As for lung cancer, a number of investigators have chosen to utilize xenograft mod- 
els of CaP. Unfortunately, CaP xenografts are far more fastidious than lung cancer 
xenografts, and the generation of models that are representative of typical human dis- 
ease has only recently been accomplished. Until recently, the majority of research 
conducted for CaP relied on the cell lines PC-3, DU145, and LNCaP. Among these, 
only LNCaP cells exhibit androgen responsiveness and express the prostate-specific 
antigen (PSA) and androgen receptor (AR). Thus, the relevance of DU145 and PC-3 
cells to clinical CaP has been questioned. To overcome the shortage of representative 
models of human CaP, a number of investigators began establishing xenografts in 
immune-deficient scid/scid mice using samples obtained directly from patients. 145-149 
These xenografts offered the following advantages: (1) the expansion of small 
amounts of starting clinical material, (2) the enrichment of relatively homogeneous 
cell populations from heterogeneous tumor cell populations, (3) the ability to inves- 
tigate progression to metastasis and androgen independence, !45-146.148 and (4) repre- 
sentative diversity that provided a more realistic picture of the heterogeneous nature 
of this disease. Investigators at UCLA established six distinct CaP xenografts from 
patients with locally advanced or metastatic diseases into scid/scid mice. Two of these 
xenografts, LAPC-4 and LAPC-9, have been maintained continuously for more than 
2 years by serial passage in scid/scid mice,!45!46 and LAPC-4 has also been success- 
fully established as a cell line in tissue culture to enable correlation with investigations 
performed in vitro.'** LAPC-4 and LAPC-9 offer several advantages over previous 
models; both express the wild-type AR, both xenografts have intact AR signal trans- 
duction pathways, and both secrete high levels of the androgen-dependent protein, 
PSA. Accordingly, they grow as androgen-dependent cancers in male SCID mice and 
respond to androgen ablation treatment, but interestingly, they eventually progress to 
a hormone-refractory, androgen-independent state.!45-146 LAPC-4 and LAPC-9 can 
be implanted subcutaneously, orthotopically into the mouse prostate, or intratibially. 
Orthotopic tumors metastasize reproducibly to regional lymph nodes and lung, pro- 
viding an opportunity to study prostate cancer metastasis. Intratibial injection results 
in the formation of osteoblastic tumors typical of human CaP where bony metastasis 
is the major cause of morbidity. 

From a research standpoint, the generation of these xenografts has provided signifi- 
cant dividends. Given the inability to culture CaP by other means, the xenografts have 
been used to identify chromosomal abnormalities and to pinpoint the genes important 
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to the pathogenesis of CaP. For example, loss of chromosome 10q was a frequently 
observed genetic defect in prostate cancer. Recently, the PTEN/MMAC tumor suppres- 
sor gene was identified and mapped to chromosome 10q23.3.!°°:!>! PTEN encodes a 
protein/lipid phosphatase which has been clearly established to function as a negative 
regulator of the PI3 kinase/Akt signaling pathway.!9?-!>° Loss of PTEN leads to con- 
stitutive activation of PI3-kinase, and in turn the Akt signaling pathway.!°* PI3 kinase 
is also a downstream target of several growth factors implicated in CaP pathogenesis 
including epidermal growth factor receptor, insulin-like growth factor receptor, and 
Her-2/neu, and it is possible that deregulation of this pathway in PTEN-deficient cells 
may indeed be responsible for the cancer phenotype. Of note, knockout mice lacking 
PTEN as a consequence of targeted deletion develop multiple cancers, including pros- 
tatic hyperplasia and PIN. '*!:!5° Correspondingly, 50-60% of all prostate cancer xeno- 
grafts established contain deletions, mutations, or absent expression of PTEN,!©:!®! 
making the xenografts a relevant and valuable source for biological and therapeutic 
discovery. Prostate cancer gene therapy approaches that specifically target this path- 
way are now underway in these models. 

In addition to modeling the abnormalities of the PTEN/MMAC pathway, xenografts 
are important in delineating the role of androgens and AR signaling in CaP. Prostate 
epithelial cells utilize androgen as a growth and differentiation factor and are depen- 
dent on androgen for survival. Once transformed, androgen deprivation is associated 
with a transition of CaP cells through a range of diminishing androgen dependence and 
ultimately androgen independence. Although not well understood, this process likely 
involves perturbations in AR signaling of cellular growth control. Potential AR-related 
perturbations may involve (1) AR mutation or gene amplification, (2) cross talk between 
AR and other signal pathways, and/or (3) alterations in transcriptional coregulators. 
Greater than 80% of clinical CaP specimens have confirmed AR expression, even in 
advanced androgen-independent diseases.!6%163 Among these, AR gene mutation or 
amplification has been documented in 20-40% of CaP cases!6+!66, Both LNCaP and 
the CWR22 xenografts bear AR mutations that enable the receptor to be activated by 
nonandrogenic steroid hormones such as progesterone and estrogen. In addition, in a 
patient who had failed androgen ablation, it was recently demonstrated that his or her 
CaP cells possessed a mutated AR with altered ligand affinity. Essentially, the mutant 
AR functioned as a high-affinity cortisol receptor, enabling the CaP cells to circumvent 
the androgen requirement for growth.!°’ Another emergent theme is that some hormone 
refractory cancers have activated the AR signaling pathway throughaligand-independent 
mechanism. For example, in LAPC-4 cells expressing wild-type AR, the overexpres- 
sion of Her-2/neu has been shown to activate AR.!68 Not surprisingly, the LAPC-4 
xenograft progresses to androgen independence after androgen ablation and differen- 
tial gene expression studies reveal a consistent increase in Her-2/neu protein expres- 
sion in androgen-independent tumors. Furthermore, forced overexpression of Her-2/neu 
in androgen-dependent CaP cells is sufficient to confer androgen-independent growth 
in vitro and to accelerate androgen-independent growth in castrated animals. 
Thus, Her-2/neu overexpression activates the AR signaling pathway in the absence of 
ligand and enhances the magnitude of AR response in the presence of low levels of 
androgen. Lastly, reconstitution experiments in a heterologous cell type expressing 
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low levels of endogenous AR suggest that these effects of Her-2/neu on the AR path- 
way require AR expression.!68 Although the point where Her-2/neu and AR pathway 
intersects is still undefined, nuclear receptor coactivators might be potential targets 
since amplification of steroid receptor coactivator, AIB1, is documented in breast and 
ovarian cancer.!°? Cross talk between Her-2/neu and AR signaling pathways should 
provide a novel mechanistic insight into the development of androgen independence. 


3.4 Gene Therapy Approaches with Adenovectors 
in Prostate Cancer 


Recombinant adenovirus vectors (Ad) are most commonly used for CaP because they 
have demonstrated the capacity to deliver genes intraprostatically in animal models.!”° 
Hence, several ongoing human CaP clinical gene therapy trials are using Ad.!7!-!7 
With respect to these applications, several groups are developing transcriptionally tar- 
geted prostate-specific Ad.'’?-!”> These strategies are beneficial in gene therapy appli- 
cations in that they potentially restrict the expression of cytotoxic therapeutic genes 
to the malignant cells. Most commonly, the kallikrein protease PSA gene regulatory 
regions have been used to direct prostate-specific expression because prostate epi- 
thelia, normal or malignant, specifically express the PSA.!’° Unfortunately, the tran- 
scriptional output from the native PSA enhancer and promoter (as from most highly 
regulated tissue-specific promoters) is much lower than from strong constitutive viral 
promoters such as cytomegalovirus (CMV). For example, our studies suggest that 
the native PSA enhancer and promoter inserted into Ad can direct tissue-specific 
and androgen-inducible expression in LNCaP cells, but the transcriptional activity is 
50-fold lower than the constitutive CMV promoter. 

By exploiting the known properties of the native PSA control regions, we have 
improved the activity and specificity of the prostate-specific PSA enhancer. Previous 
studies had established that AR molecules bound cooperatively to AREs in the PSA 
enhancer core (—4326 to —3935) act synergistically with AR bound to the proximal 
promoter to regulate transcriptional output.'’”'”8 To exploit the synergistic nature of 
AR action, we generated chimeric enhancer constructs by (1) insertion of a synthetic 
element containing four tandem copies of the proximal PSA promoter AREI (ARE4) 
element or (2) duplication of enhancer core, and (3) removal of intervening sequences 
(—3744 to —2875) between the enhancer and promoter. Each of these three strategies 
augments activity, androgen inducibility, and retained a high degree of tissue discrim- 
inatory ability. As a result of these combined approaches, two most active constructs 
are termed PSE-BC (duplication of core) and PSE-BAC (insertion of core and ARE4) 
are approximately 20-fold higher in activity than native PSA enhancer/promoter con- 
struct, PSE, composed of the PSA enhancer (—5322 to —2855) fused to the proximal 
promoter (—541 to +12). Most importantly, the enhanced activity and specificity of 
the new PSA enhancer/promoter constructs are retained in an Ad vector. The recently 
developed human CaP xenografts should be excellent models to refine and evaluate 
this novel prostate-targeted gene therapy because their AR pathways are intact and 
their growth regulatory pathways bear close resemblance to clinical disease. 
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4. Summary and Discussion 


We have presented for discussion a broad-based review of the utility of Ad vectors 
in animal models of lung cancer. Since this entire compilation is devoted to Ad 
gene therapy, we have particularly embellished the sections on “animal models” of 
disease, especially as they pertain to lung and prostate cancer. These examples illus- 
trate that the development of our approaches may need to be disease specific, espe- 
cially with respect to targeting and mode of delivery. From this review, it is evident 
that to realize the full potential of cancer gene therapy, advances need to be made 
on a number of fronts. Not only do we need to construct better Ad vectors or more 
relevant animal models, we also need to incorporate emerging technologies to a 
useful purpose within the experimental design. For example, the pathway to human 
clinical trials may be better paved by an improved ability to gather interim surrogate 
measures of gene transfer and expression in animal models. The implementation of 
a quantitative and noninvasive method capable of monitoring transgene expression 
in living animals repetitively would be useful toward validating the efficacy of any 
gene therapy strategy. In this respect, a number of investigators, including those 
at UCLA, are developing sensitive technologies for imaging transgene expression 
using positron emission tomography (PET) and optical measurements. PET is a non- 
invasive, tomographic imaging modality that already has clinical applications for the 
diagnosis and management of several diseases including cancer. Newer high-resolution 
animal microPET technology developed at UCLA is allowing for the study of 
smaller animal systems (mice, rats, and small primates) previously difficult to image 
with a resolution approaching 2mm.!’° With relevance to gene therapy for cancer, 
the herpes simplex virus 1 thymidine kinase (HSV 1-tk) gene has been demonstrated 
to be an excellent “PET reporter gene” by virtue of trapping positron-emitting 
8-[18F] fluoroganciclovir (FGCV) specifically only in cells expressing HSV1-tk.!8° 
Using FGCV, repetitive PET imaging of adenovirus-directed hepatic expression of 
the HSV1-tk reporter gene in living mice has been achieved.!*®°-!8? More impor- 
tantly direct correlation between the retained PET reporter probe and the levels of 
HSV 1-tk gene expression in the targeted organ have also been demonstrated. 180-182 
Thus, PET is a sensitive and quantitative modality to image the location and mag- 
nitude of Ad vector-mediated gene expression in living animals which could be 
translated to clinical gene therapy application. Similarly, a charge-coupled device 
(CCD) camera is a highly sensitive camera for measuring photons. Advances in 
CCD technology can now enable investigators to quantitatively and reliably image 
low levels of luminescence (from the heterologous expression of the firefly lucifer- 
ase gene) arising from within living animals.!8 Although tomographic images are 
not possible, and the signal is dependent on the depth of tissue from which the light 
source emanates, it is possible to get reproducible and semiquantitative images. The 
simplicity and minimal background signal of optical CCD luciferase approach may 
complement the detailed tomographic imaging of microPET and the newer confocal 
microscopy techniques and ultimately, be more predictive of gene transfer strategies 
in the treatment of human disease. 
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1. Vaccination Strategies and the Advantages of In Situ 
Vaccination with Adenovirus 


Therapeutic vaccination for cancer involves sensitizing a patient to tumor-specific or 
tumor-selective antigens that enable the immune system to recognize and eliminate 
the tumor cells.! Because, by definition, existing tumors have not been eliminated, 
they have escaped detection by the immune system (ignorance), expressed antigens 
to which tolerance exists, or developed immunosuppressive mechanisms that pre- 
vent existing immune cells from being effective. Some human tumors are consid- 
ered “nonimmunogenic” (i.e., have avoided activating the immune system); others 
(i.e., melanoma) appear to have stimulated an antitumor immune response that has 
been effectively suppressed by tolerance mechanisms such as upregulation of T cell 
inhibitory ligands (i.e., programmed death-ligand 1), T-regulatory cells, myeloid sup- 
pressor cells, or secretion of immune-inhibitory agents such as transforming growth 
factor-B, prostaglandin E2, adenosine, arginase, or IL-10.2° 

The first step in any successful vaccination strategy requires that a tumor antigen 
(or antigens) be presented to the immune system in an “immunogenic” context.! In 
addition to the antigen, the immune system also requires the co-administration of a 
“danger signal”.6 In the context of vaccines, this is called an adjuvant. The classically 
used adjuvants have been alum or toll-like receptor stimulants (modified Freund’s 
adjuvant/montenide or, more recently, agents such as Poly-IC). Traditionally, the most 
effective way to vaccinate has been to inject antigen or adjuvant into the skin. 

Viruses (i.e., adenovirus [Ad]) or bacteria (i.e., modified Listeria) vectors can 
also be used to present antigens in an immunogenic context.’* The vector infects 
the tumor or surrounding tissue and induces expression of the antigen. The antigen 
is then taken up by dendritic cells (DCs), which are also activated by the adjuvant 
or danger signal.’ In some cases, the DCs themselves may be infected by the vector 
where the antigen is expressed intracellularly. In either case, these activated DCs 
then travel to the lymph nodes and come in close contact with CD4 and CD8 T cells, 
where they present peptides on human leukocyte antigen (HLA) molecules along 
with the proper costimulatory molecules. This results in activated T cells that can 
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then leave the lymph node and traffic to areas of inflammation where antigen can 
activate these cells and induce effector function.!° Thus, most antigen presentation 
and T cell activation occurs in lymph nodes. B cell activation, with resultant produc- 
tion of antibodies, also occurs. Interestingly, the site of vaccination often imprints 
the T cells with adhesion molecules and chemokine receptors that tend to bring them 
back to the site. 

Which antigens should be used for tumor vaccination? One approach has been 
to identify tumor-specific or tumor-selective antigens and then inject whole pro- 
teins or specific peptides along with adjuvants. One limitation of peptide vaccines 
is that they are HLA-type specific, and thus their use is limited to patients with the 
matching HLA type. A partial list of commonly targeted tumor antigens includes 
cell surface—associated mucin-1, carcinoembryonic antigen, Wilms tumor-1 protein, 
melanoma-specific proteins (i.e., MART-1), cancer testis antigens (i.e., NY-ESO), 
telomerase, prostate-specific antigen (PSA), or viral-tumor antigens such as human 
papillomavirus-E7. Instead of injecting the protein or peptides, investigators have 
also injected deoxyribonucleic acid (DNA). Alternatively, one can generate DC 
ex vivo by differentiating blood monocytes, directly load the DCs with proteins, 
DNA, or ribonucleic acid (RNA) in culture, and inject the “loaded and activated 
DCs” back into the patient.!! 

A major advantage of using a specific target protein or peptide is the ability of 
the vaccine to generate antigen-specific T cells in the blood can be easily tracked 
(although, interestingly, this has not been found to correlate with clinical effec- 
tiveness). A major disadvantage to this approach is that only a single or small 
number of tumor antigens are targeted. Because of tumor heterogeneity, this could 
allow some tumor cells to escape immunity and thus be unaffected. Probably more 
important, specific targeting allows for tumor editing, resulting in loss of the anti- 
gen. Another potential problem is that the number of known tumor-specific anti- 
gens is limited. 

An alternative approach has been not to select one specific antigen, but to use 
polyclonal activation strategies using whole tumor cells, tumor cell extracts, or even 
tumor cell RNA or DNA libraries.!? An advantage of this approach is that it pres- 
ents a broad range of tumor antigens, allowing each individual’s immune system to 
select the most potent and important tumor antigens. This broad, polyclonal antitu- 
mor response has a better chance of avoiding rapid tumor editing. A disadvantage is 
that it is difficult to monitor and quantify this response. Another issue is that it can 
be difficult, time-consuming, and expensive to prepare tumor cell-based vaccines, 
especially if it is based on a patient’s own tumor. The most successful of these 
approaches clinically has probably been the use of “GVAX” in pancreatic tumor. !* 
In this instance, a set of pancreatic tumor cell lines have been transduced to express 
granulocyte macrophage—colony-stimulating factor (GM-CSF), which attracts and 
activates DC. 

One limitation inherent in both of these approaches is that they do nothing to alter 
the tumor microenvironment. This leaves problems with regard to effective trafficking 
of antitumor T cells into the tumors, and more important, does nothing to counter the 
formidable immunosuppressive mechanisms within the tumor.*> 


Vaccination with Adenoviral Vectors 621 





A third approach that can potentially overcome key disadvantages of either previ- 
ous approach is “in situ vaccination”.!>!3 In this strategy, the tumor site itself is used 
as a target and source of antigen. One way this can be accomplished is by intratumor- 
ally injecting activating cytokines and/or chemokines to stimulate endogenous DCs. 
Although the tumor microenvironment is altered, disadvantages of this approach are 
that the effects are short-lived and there may be a limited amount of “immunogenic” 
cell death occurring (apoptotic cell death may not trigger optimal antigen-presenta- 
tion). Another idea has been direct intratumoral injection of autologous DCs that have 
been activated or enhanced (i.e., to secrete CCL21) in some way. A disadvantage of 
this approach is that the tumor microenvironment is still tolerogenic and may not sup- 
port induction of an immune response. 

As a way to overcome these limitations, many investigators are now combining 
agents that will both induce immunogenic cell death and make the tumor microen- 
viroment less tolerogenic. One strategy has been to combine local tumor radiation 
(to induce cell death) with intratumoral injection of a Toll-like receptor agonist 
(i.e., TLR9).!5:!° A second strategy is to use the strong immune-activating activity 
of an adenoviral vector combined with a transgene that induces immunogenic cell 
death and/or even more powerfully activates the tumor microenvironment toward 
an immunostimulatory state. This second strategy is the one to be discussed in 
detail here. 

Advantages and disadvantages of each vaccine approach are summarized in Table 1. 


Table 1 Advantages and Disadvantages of Vaccination Approaches 


In situ 


Specific Protein or 
Peptide Vaccine 


Polyclonal 
Activation 


Vaccination 





Requirement to identify 
target antigens 

Likelihood of immune 
escape 

Ability to treat “scale up” 
treatments 


Can track ability of vaccine 
to induce immune 


response 

Has favorable effects on 
tumor microenvironment 

Requires access to tumor 

Imprints T cells to tumors 

Avoids tolerogenic micro- 
environment during T 
cell activation stage 
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Depends on platform 
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Difficult 
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2. Adenovirus as an Immune Stimulant 


Adenovirus is well suited for the role of an in situ immune stimulant. The ability of Ad to 
activate the immune system was well studied in the early days of gene therapy, when Ad 
was proposed as a vector for use in genetic diseases such as cystic fibrosis. It soon became 
apparent that Ad was highly immunogenic and able to induce both innate and adaptive 
immunity.” The presence of adenovirus activates pathogen recognition receptors, lead- 
ing to powerful stimulation of the nuclear factor-kB pathway inducing cytokines such as 
tumor necrosis factor, IL-6, IL-1, IL-12, and type I interferons, as well as chemokines such 
as MIP1, RANTES, IL-8, and monocyte chemotactic protein-1. Adenoviral DNA can be 
recognized by TLRs, especially TLR9, which can signal through MyD88. Adenoviruses 
can also activate NLRP3 and the inflammasome causing IL-1 release. More recently, the 
cGAS/STING/TBK1 pathway has been implicated as a DNA-sensing cascade. These mul- 
tiple pathways are effective in stimulating DC and result in the generation of strong anti-Ad 
immune responses. However, this reaction is relatively nonspecific, and if other antigens 
are present at the site of Ad instillation (i.e., infectious or tumor antigens), immune stimu- 
lation against these antigen will also occur. Thus, a vaccine effect can be generated. 

A large number of Ad-encoded transgenes that could potentially exert in situ vac- 
cination activity have been studied in preclinical models and, in a number of cases, 
small, phase I studies.'!’7° Table 2 provides some examples of these approaches. 


Table 2, Examples of In Situ Adenoviral Immunogene Therapy 
Studies 


Transgene Tumor Model Comments | Author Reference 





IL-2 Breast Preclinical Addison et al., 1995 17 
GM-CSF Lung Preclinical Lee et al., 1997 18 
CD40L Colon Preclinical Kikuchi et al., 2000 19 
CD40L Bladder Human trial | Malmstrom et al., 20 
2010 

CD40L Advanced cancer | Human trial | Pesonen et al., 2012 2il 
patients 
IL-12 Colon/breast Preclinical Bramson et al., 1996 22 
Caruso et al., 1996 23 
IL-12 Gastrointestinal Human trial | Sangro et al., 2004 24 
malignancies 
MDA-7/IL-24 | Fibrosarcoma Preclinical Miyahara et al., 2006 25 
MDA-7/IL-24 | Advanced cancer | Human trial | Tong et al., 2005; 26 
patients Cunningham et al., 27 
2005 

IFN-gamma Lymphomas Human trial | Drummer et al., 2004; | 28 
Drummer et al., 29 
2010; Dreno et al., 30 
2014 
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Although some tumor cell death likely occurs after injection of any Ad into a tumor 
(providing some tumor antigens for presentation), it is likely that the antitumor vac- 
cine effect can be amplified by including transgenes that can activate the immune 
system and induce additional cell death in an immunogenic manner. Two transgenes 
that seem to accomplish this in an especially potent way are the herpes simplex virus 
thymidine kinase (HSV.tk) suicide gene and the type I interferon gene. 


3. Adenoviral (HSV.tk) 


Gene therapy using a suicide gene was one of the earliest applications of cancer gene 
therapy.*! The most commonly used suicide gene has been the HSV.tk gene, which 
converts the normally nontoxic drug ganciclovir (GCV) into a monophosphorylated 
form that can then be metabolized by mammalian thymidine kinases into a triphos- 
phorylated moiety that is incorporated in DNA and causes cell death. The vector is 
thus injected intratumorally followed by administration of GCV or a GCV-like com- 
pound (1.e., valacyclovir). Many preclinical studies using HSV.tk inserted into an ade- 
noviral vector (Ad.tk) were conducted and showed good antitumor activity (reviewed 
in Ref. 31). Initially, efficacy was thought to be primarily supported by a bystander 
effect mediated by gap-junctional transport of GCV-triphosphate. However, it was 
observed that local tumor injection of Ad.TK could cause systemic antitumor effects 
and efficacy was lost in immunodeficient animals, leading to the hypothesis that a 
much more powerful bystander mechanism was “immunogenic cell death” (perhaps 
related to release of heat-shock proteins,** production of danger signals, and a “supe- 
rantigen-like” effect of the TK molecule), leading to the induction of CD8 T cell- 
dependent antitumor immune response. Natural killer (NK) cell activation may also be 
involved.*? The reader is referred to a complete discussion of these effects in a review 
article by Aguilar et al.*! 

The Ad.tk approach has been shown to be safe and has shown hints of potential 
efficacy in phase I and phase II clinical trials in a variety of tumors (see Table 1 in 
Ref. 31). Tumor types most well studied include mesothelioma, prostate cancer, and 
glioma. 


3.1 Ad.tk in Mesothelioma 


Malignant pleura mesothelioma (MPM) is caused by asbestos exposure. It is a rapidly 
progressive neoplasm of the lining of the lungs that carries a high mortality rate and is 
poorly responsive to standard medical regimens.** Our group has used Ad-based in situ 
immunogene therapy for the treatment of MPM for a number of reasons. First, the median 
survival for patients with mesothelioma from the time of diagnosis ranges between 1 and 
2 years, depending on comorbid disease, stage at presentation, and histological subtype. 
Long-term survival (>5 years) with any treatment modality is exceedingly rare in MPM. 
Even the best combination chemotherapy using cisplatin and a new multitargeted anti- 
folate agent, pemetrexed (Alimta®), has been shown to improve the median survival of 
mesothelioma patients by only a few months. Second, MPM’s location within the thoracic 
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cavity makes the tumor uniquely accessible, facilitating directed administration of novel 
agents and subsequent analysis of treatment effects. Third, local persistence or recurrence 
of disease, rather than the development of widespread distant metastases, is responsible 
for most of the morbidity and mortality associated with this neoplasm. Eradication of 
local disease conceivably could lead to significant improvement in palliation or survival. 

Between 1995 and 1999, our group treated 34 subjects with malignant mesothe- 
lioma with a single dose of a nonreplicative adenoviral vector encoding the HSV.tk 
“suicide gene” administered through a pleural catheter in combination with systemic 
ganciclovir.*>-*8 We found evidence of tumor gene transfer in the 21 patients receiv- 
ing “high-dose” therapy, defined by a dose of vector (21.6 x 10!3 particles) in which 
transgene-encoded protein was reliably seen by immunohistochemical staining. In 13 
patients, the vector was deleted in the E1 and E3 regions of the Ad; in the other 8 
patients the vector had deletions in the early Ad genes EJ and E4. 

Our conclusions were that intrapleural administration of Ad-HSV.tk/GCV was safe 
and well tolerated. We did not reach a maximally tolerated dose. These data fit well with 
a large clinical experience showing the relative safety of Ad vectors.207!.24.26-30,39-47 
We also noted that although intrapleural gene transfer was detectable, we saw it at the 
surface of the pleural tumors. Despite this localized expression of transgene, several 
patients had clear reductions in tumor size and two patients had slow but durable 
objective responses that lasted for more than 6.5 years in one case and 15years in a 
second one. This was most consistent with an immune-mediated effect. The detection 
of antibodies against mesothelioma proteins that were not present in the pretreatment 
serum was also evidence of the generation of an immune response. Although these 
studies were stopped because of issues related to the availability of clinical-grade vec- 
tor, we have opened a similar trial for mesothelioma and metastatic pleural effusions 
in collaboration with Advantagene. 


3.2  Ad.tk in Other Cancers 


A number of relatively small phase I and II trials of Ad.tk in prostate cancer have been 
conducted.*?*> A phase II trial treated 36 patients with local recurrence after radio- 
therapy with intraprostate injections.*> The therapy was well tolerated with slowing in 
the PSA doubling time noted and an actual reduction in PSA levels in 78% of subjects. 
No long-term recurrence or survival data were reported. 

Ad.tk has also been examined in malignant glioma. The most recent trials include 
a phase IB trial enrolling 13 patients.*° Toxicity was tolerable and survival at 2 and 
3 years was longer than reported in historical controls. The largest Ad.tk trial ever con- 
ducted was a randomized, open-label phase III trial for 250 glioblastoma multiforme 
subjects.“ Patients were randomized to receive either surgical resection or surgical 
resection plus perilesional injections of Ad.tk followed by ganciclovir. The results 
of the trial were controversial and complicated by the use of temozolomide, which 
became available in the middle of the study. The median time to death or reinterven- 
tion was slightly longer in the Ad.tk group. However, the overall survival differences 
did not reach significance. In any case, Kaplan—Meier curves showed only small dif- 
ferences. There may have been a slightly stronger benefit in patients who were resis- 
tant to temozolomide. 
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4. Ad.IFN 


Type 1 interferons (IFNs) have a number of characteristics that would make them ideal 
transgenes for in situ immunotherapy.**-*? Interferons have immunoregulatory effects 
upon antibody production, NK and T cell activation, macrophage function, cross-pre- 
sentation and delayed-type hypersensitivity, and major histocompatibility complex 
antigen expression..°>? They also have antiangiogenic properties as well as direct 
antiproliferative and cytotoxic effects." 


4.1 Ad.IFN in Mesothelioma 


On the basis of preclinical studies in mice showing that Ad.IFN had better efficacy 
than we saw with Ad.tk,54 we began a series of phase I trials using an Ad expressing 
type 1 IFN. Our first trial used intrapleural instillation of an El-deleted Ad containing 
the human /FN-f gene in MPM (seven patients) and metastatic pleural malignancies 
(three patients).°° Gene transfer was detected in 7 of the 10 patients by measurement 
of pleural fluid IFN-8 mRNA or protein. Antitumor immune responses, including 
humoral responses to known tumor antigens (e.g., SV40 virus T-antigen, mesothelin) 
and unknown tumor antigens were elicited in 7 of 10 patients. Four patients demon- 
strated meaningful clinical responses, defined as disease stability and/or partial regres- 
sion on 18-fluoro-deoxyglucose positron emission tomography ('3FDG-PET) and 
computed tomography (CT) imaging 2 months after vector administration. 

In light of these encouraging results, a second study was performed with the aim of 
augmenting these immunologic and clinical responses.*° Based on preclinical studies 
showing enhanced effects after two doses, a second phase I trial involving two adminis- 
trations of Ad.IFN-f (levels ranging from 3 x 10!! to 3x 10!? viral particles [vp]) via an 
indwelling pleural catheter separated by 1 to 2weeks was conducted in 17 patients (10 
with MPM and 7 with malignant pleural effusions). Again, overall treatment was well 
tolerated and antitumor humoral immune responses similar to those seen in the initial 
trials were induced. Several patients had meaningful clinical responses (mixed and/or 
partial responses) as determined by pre- and postvector delivery PET/CT scans. How- 
ever, high antiadenoviral neutralizing antibody (NAb) titers were detected, even with 
a dose interval as short as 7 days, inhibiting effective gene transfer of the second dose. 

Combined survival data from the MPM patients in the one-dose*> and two-dose*® 
Ad.IFN-® trials showed a median survival of 22 months, with three patients surviving 
more than 2 years. 

Two doses of Ad.IFN-a. Unfortunately, Ad.IFN-§ became unavailable for use in 
clinical trials. However, we were able to form a partnership with Schering-Plough, which 
had an ongoing intravesical trial for bladder cancer using a similar nonreplicating, type 
5 Ad vector expressing another type 1 IFN, interferon a-2b (IFN-c). Preclinical studies 
showed comparable efficacy of Ad.IFN-a compared with Ad.IFN-$. A “bridging trial” 
using Ad.IFN-o was initiated in February 2009.5” We made two additional changes: (1) 
exclusion of patients with baseline antiadenovirus Nab titers greater than 1:1000, and 
(2) reduction in vector dosing interval to 3days to avoid inactivation owing to rapid 
increases in NAb. The NAb exclusion was justified based on analysis of our previous 
trials showing poor pleural gene transfer in patients with titers greater than 1:1000. 
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Nine subjects were given intrapleural instillation of two Ad.IFN-c.2b doses separated 
by 3 days. Three patients treated with 1 x 10!? vp had extremely high levels of pleural fluid 
IFN-a (75—2000ng/ml) and serum IFN-a (3000-7700 pg/ml) associated with classic 
“TFN-type symptoms” necessitating a dose reduction. At 3x 10!! vp, pleural fluid IFN-o. 
levels were still high (12 ng/ml), serum levels ranged from 370 to 524 pg/ml, but this dose 
was much better tolerated. An increase in pleural fluid IFN-a levels after the second dose 
was seen in five of seven subjects. All patients demonstrated significant serum anti-Ad- 
Nab levels by day 8 but not by day 3. No dose-limiting toxicities were observed. Seven of 
eight patients who could be evaluated developed anti-MPM antibodies. 

No long-term clinical responses were seen in the four subjects with advanced 
disease. However, evidence of disease stability or tumor regression was seen in the 
remaining five patients, including one dramatic example of partial tumor regression 
at sites not in contiguity with vector infusion (see below). Using modified Response 
Evaluation Criteria in Solid Tumors (RECIST) criteria, at day 64, four of nine patients 
had stable disease and two patients had partial responses. At 6months (end of the 
trial), three patients remained alive and well. Two had minimal residual disease and 
were able to undergo successful radical pleurectomies. 

One of the patients (patient 309) exhibited a striking response. Figure | shows the 
18FDG-PET scans pretherapy and at 2 and 6 months after intrapleural Ad.IFN-a instil- 
lation. The patient received no other treatment over this time. Note the relatively slow 
but dramatic decrease in tumor size and FDG uptake. 


4.2 Ad.IFN in Bladder Cancer 


Ad.IFN-a has also been used to treat subjects with recurrent nonmuscle invasive 
bladder cancer.>* Seventeen patients in a phase I trial received a single intravesicular 
injection of Ad. IFN-a formulated in an excipient that maximized vector transduction. 
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Figure 1 Antitumor responses after intrapleural instillation of Ad.IFN. The chest images are 
taken from !8FDG-PET scans (axial images) at three time points. Tumors are shown by intense 
(black) uptake of tracer. (A) The baseline scan shows multiple lesions in the chest, chest wall, 
and mediastinum (horizontal arrow shows a large anteromedial mass; vertical arrow shows a 
malignant lymph node). (B) Two months after Ad.IFN vector instillation, a number of lesions 
are smaller. (C) Six months after Ad.IFN instillation (with no other therapy), most of the 
lesions have disappeared, including the two masses marked by arrows. 
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The treatment was well tolerated, with high urine levels of IFN-a detected. Of the 14 
patients treated with higher doses, 43% experienced a complete response. A phase III 
trial is being initiated. 


5. Use of Combination Therapies to Augment In Situ 
Vaccination with Ad 


A relatively small subset of patients treated with Ad.tk or Ad.IFN seemed to have 
impressive, long-lived responses, indicating activity of the approach but also suggest- 
ing that additional improvements were needed to broaden the response. Although it 
would be attractive to give repeated administration of vector, unfortunately injection 
of Ad vectors induces a strong anti-Ad neutralizing antibody response that limits 
repeat administration of vector for months or even years. As an alternative, investiga- 
tors have explored a second approach combining intratumoral Ad vectors with either 
radiation therapy or chemotherapy. 


5.1 Ad.tk Plus Radiation 


There is preclinical evidence that intratumoral Ad.tk followed by radiation therapy 
can augment antitumor efficacy.°? The Freytag group has been exploring a strategy of 
prostatic radiation preceded by intraprostatic injection of a replicating Ad encoding 
HSV.tk plus a second suicide gene (cytosine deaminase) followed by valacyclovir and 
f-fluorocytosine versus giving radiation with no preceding Ad therapy.°?©° Their most 
recent randomized phase II trial has shown encouraging trends, with a 42% reduction 
in biopsy positivity at 2 years in the investigational group. 


5.2 Ad.IFN Plus Chemotherapy 


In the laboratory setting, we were able to augment the efficacy of Ad immunogene 
therapy by the administration of cyclo-oxygenase-2 inhibition®! and by subsequent 
administration of chemotherapy. This latter approach fits well with the growing body 
of information showing that immune stimulation by certain forms of chemotherapy is 
common and important in efficacy.®*-°* Accordingly, we designed a phase II trial in 
MPM patients in which two doses of intrapleural administration of a replication-de- 
fective recombinant Ad vector containing the human interferon-a (hIFN-a2b) gene 
at a dose of 3x10!! vp were given along with a 14-day course of high-dose COX-2 
inhibitor (celecoxib) to reduce side effects and modify the tumor microenvironment 
by decreasing prostaglandin-E2 levels. This was followed by standard first-line or 
second-line chemotherapy agents. Forty patients were treated in the study. Treatment 
was well tolerated and adverse events were comparable to historical controls. Fol- 
low-up chest CT scans demonstrated an overall response rate of 20% by modified 
RECIST criteria and a disease control rate of 85% (partial and complete responses 
plus stable disease) at initial follow-up scan after the first two cycles of chemotherapy. 
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Figure 2 Kaplan—Meier survival curve from the Ad. IFN/celecoxib/chemotherapy trial. This 
curves shows survival in the patients who received Ad.IFN/celecoxib followed by second-line 
chemotherapy (either pemetrexed or gemcitabine). Median overall survival is 22 months with a 
significant survival tail. The historical control MOS for a similar group of patients is 6-9 months. 


Encouragingly, median overall survival (MOS) for all patients with epithelial histol- 
ogy (including both first- and second-line) was 26 months. Historical MOS with first- 
line chemotherapy alone is 13.3 months. We saw especially impressive results in the 
second-line patients (Figure 2). Our MOS (18 versus 9months) was approximately 
twice that seen in similar second-line chemotherapy trials reported in the literature.°° 
Importantly, not reflected in these MOS numbers was a substantial “survival tail” on 
the Kaplan—Meier plots that is rarely if ever seen in reported second-line therapy trials. 
Of course, these data need to be validated in a larger, randomized trial. 


6. Conclusions and Future Directions 


In situ vaccination with agents that both stimulate antitumor T cell responses and 
alter the tumor microenvironment to be more supportive of immune responses have 
the potential for effective immunotherapy. The ability of Ad vectors to effectively 
transduce tumor cells in vivo, their proven safety, their ability to express transgenes 
effectively, and their strong induction of innate inflammation and activation of DCs 
make them ideal agents for this purpose. One limitation may be difficulties in giving 
repeated doses because of the presence of Nabs. Thus, they are best used as a way to 
prime antitumor immune responses and will likely need some sort of alternative boost- 
ing mechanisms. This could be accomplished with a different serotype of Ad, other 
types of vectors, or other nanoparticles. An alternative that fits well into current treat- 
ment paradigms is to follow Ad-mediated immune-gene therapy with chemotherapy 
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or radiation therapy as a way to stimulate the release of tumor antigen and favorably 
alter the tumor microenvironment. 


Adenoviral vectors using the HSV.tk suicide gene or expression of type 1 IFNs 


coupled with radiation therapy or chemotherapy have shown promising results in early 
stage trials and are ready to be evaluated in larger randomized phase II or III trials. 
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1. Introduction 


A disease at the forefront of gene therapy research over the last decade is cystic fibro- 
sis (CF). This hereditary, single gene defect disease although affecting epithelial cells 
of multiple organs of the body results most often in mortality due to complications 
associated with the lung. CF lung disease has been considered as a prototypic disease 
state for “proof-of-concept” gene-therapy strategies. The lack of an alternative long- 
term treatment for the pulmonary manifestations of this disease, the accessibility of 
the lung via the airway lumen, and the fact that viruses known to infect the lung were 
being developed into nonreplicating gene transfer vectors led investigators to believe 
that administration of gene transfer vectors to the lung could potentially result in an 
effective treatment of this disease. 

Shortly after the cloning of the gene responsible for CF pathophysiology, two 
groundbreaking observations made gene therapy for CF lung disease appear immi- 
nent. First, isolated epithelial cells cultured from the airway epithelium of CF patients 
could be phenotypically “corrected” by transferring into the cells the cDNA corre- 
sponding to the CF gene.'~> Second, adenoviral (Ad) vectors engineered to express 
the CF gene were administered to the airways of experimental animals and transgene 
expression observed in cells that were considered to require “correction.”° These ini- 
tial observations produced a flurry of scientific activity and excitement in both the 
gene therapy and CF scientific communities and within 3 years of these observations 
the first clinical trials describing successful Ad-mediated gene transfer to the airway 
epithelium of CF patients in vivo were reported.’ 

These promising early observations have unfortunately not withstood further inves- 
tigation. After approximately 20 gene therapy clinical trials for CF lung disease (of 
which greater than 70% utilized Ad) it has become apparent that gene transfer to air- 
way epithelium in vivo is not a simple procedure. The difficulty lies in the evolution 
of the respiratory epithelium as an effective barrier to invading pathogens entering the 
lung (e.g., viruses). The epithelium achieves this “barrier function” by presentation of 
a host of innate and cell-mediated immune systems, which for gene transfer vectors 
culminate in reduced uptake and expression of the transgene. In this chapter, I will 
describe the evidence that led investigators to believe that Ad would be useful in CF 
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lung disease, why subsequently this simplistic approach failed and how increasing 
knowledge of lung biology and viral bioengineering has and will allow novel strate- 
gies to be tested. In light of this emphasis on basic research new strategies and mod- 
els will need to be tested and successful demonstration of efficiency and safety will 
be required before we once again enter the clinic with Ad for CF lung disease gene 
therapy. 


2. Pathophysiology of CF Lung Disease 


CF is a multifaceted disease with major morbidity and mortality resulting from chronic 
decline of lung function. This disease is the most common fatal inherited disease in 
Caucasians with 1 in 2500 live births affected.* Although CF is most devastating to 
the lung (accounting for 90% of mortality), resulting in chronic repetitive infections, 
chronic obstructive pulmonary disease, and respiratory failure, other tissues are also 
affected including the liver, pancreas, the gastrointestinal tract, and the sweat glands. 
The abnormal CF gene (250 kb) encodes an mRNA of 6.5 kb which translates into an 
180kD protein that has been extensively characterized as a cAMP-activated chloride 
ion channel, named the CF transmembrane conductance regulator (CFTR).*? In the 
lung, CFTR is normally expressed in the respiratory epithelium and, although the 
specific functions of CFTR are complex, is predominately involved in maintenance of 
ionic homeostasis in this tissue. Over 900 different mutations of CFTR have now been 
reported resulting in a range of clinical manifestations and differing severity of the dis- 
ease. However, 70% of these mutations are due to a three base-pair deletion leading to 
the absence of phenylalanine (F) at position 508 (AF508).!° This particular mutation 
leads to misfolded CFTR being retained within the endoplasmic reticulum of cells so 
reducing CFTR function at the plasma membrane.!! Currently, although the specific 
localization and functional capacity of AF508 CFTR in the different affected organs 
is a matter of controversial debate,!? and other mutations can display partial CFTR 
function, for CF patients, expression of abnormal CFTR in the airway epithelium 
generally results in reduced chloride ion secretion, hyperabsorption of sodium ions, 
increased viscosity of airway secretions, impaired mucociliary clearance, chronic bac- 
terial infection, bronchiectasis, and premature death.*-!3 Given that all of these effects 
are likely primary or secondary to loss of CFTR function, the most efficacious way 
to treat the broad range of effects would be to replace the defective CFTR gene with 
a normal copy. Gene therapy for CF lung disease therefore seeks to replace normal 
CFTR in the airway epithelial cells to hopefully “correct” lung epithelium function. 


3. Trials and Tribulations with Ad Vectors for CF Lung 
Disease 


Clinical gene transfer trials with CF patients investigating the safety and efficacy of 
gene transfer vectors (predominately adenoviral and liposomal vectors) have been 
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performed in both the US and UK. Details of these trials and the background pre- 
clinical studies have been comprehensively reviewed in a recent review.'* Although 
preclinical data have been largely promising for lung-directed gene transfer, the trials 
performed to date have shown, at best, only partial “correction” (<20%) of the CF 
bioelectrical defect.’:!>-!8 This relatively low degree of correction is most likely due 
to inefficient transfer of the CFTR cDNA to the airway epithelial cells, i.e., a low effi- 
ciency of gene transfer, and is most likely not sufficient to be of benefit to CF patients 
although long-term reversal of disease symptoms were not monitored in this studies. 

The gene transfer efficiency required for physiological correction of CF lung dis- 
ease has been a matter of recent debate. While Johnson and colleagues have shown 
that “correction” of ~10% of CF cells restores normal chloride secretory function to 
an epithelium, this degree of “correction” was insufficient to correct the hyperabsorp- 
tion of sodium.!? Since “correction” of the sodium defect is likely to be necessary for 
resolving CF lung disease, then transduction of a higher proportion of epithelial cells 
will be required.'?° Indeed, it has been suggested that greater than 80% of epithelial 
cells will have to express CFTR to restore the normal sodium transporting capabilities 
of the epithelium.” With regard to efficiency of gene expression on a per cell basis, 
it appears that CFTR is normally expressed at levels as low as 10 copies per cell and 
heterozygotes for the CF gene although only expressing 50% of normal CFTR show 
no disease symptoms. This suggests that the level of expression per cell does not need 
to be high in order to correct function. On the other hand, overexpression of CFTR 
has been shown to have deleterious effects on cell function although the effects on 
polarized airway epithelial cells are not documented.?! 

Issues of safety have arisen due to elicitation of inflammatory responses after Ad 
instillation in both animal and human experiments.” These effects have often been 
due to the large “loads” of vector that has been administered. A current hypothesis is 
that improvements in gene transfer efficiency may allow smaller quantities of Ad to be 
administered possibly circumventing much of the inflammatory response. 


4. The Airway Epithelium: Cellular Targets for CF Gene 
Therapy 


Airway epithelial cells are present throughout the conducting airways of the lung 
including the nasal, tracheal, bronchial, and bronchiolar regions. In the upper airway, 
the surface epithelium lines these structures and is continuous with the tubuloacinar 
submucosal mucus-secreting glands that invaginate from the airway surface. Airway 
epithelial cell-type composition is dependent both on the regional location and on the 
particular species studied and the reader is referred to comprehensive reviews that 
describe species-specific epithelial cell distribution in more detail.*°>! The epithelial 
cell types present in the lung are numerous and include ciliated cells, mucus-secreting 
cells (goblet), serous cells, Clara cells, and basal cells. The cell types of the alveolar 
structures of the lung (alveolar Type I and II cells) are not thought to participate in 
the pathophysiology of CF lung disease. In human airways, the upper airway regions 
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(nasal, tracheal, bronchial) are composed of a pseudostratified mucociliary epithe- 
lium in which ciliated cells predominate with interspersed mucus-secreting goblet 
cells. The columnar cells overlie intermediary differentiated cells and basal cell layers 
which interface with the basement membrane. In addition, the human upper airways 
contain numerous submucosal glands. In the human lower airways, the bronchioles 
are lined with a simple cuboidal ciliated epithelium containing few mucus-secreting 
cells, no basal cells, and an absence of submucosal glands. An important morpho- 
logical difference between the upper airways of human and mice, the most common 
animal model for investigating airway administration of gene transfer vectors, is that 
for the mouse upper airway (excluding the nasal cavity epithelium) the columnar cells 
are roughly an equal distribution of ciliated and Clara cells, compared to the predomi- 
nance of ciliated cells in the human upper airway.?? Clara cells are a nonciliated bron- 
chiolar mucus-secreting cell type with distinct properties from ciliated cells. Clara 
cells although present in human airway are located only in the distal airways and only 
account for a fraction of the cells present in that region.*” 

The airway basal cells, or at least a subpopulation, are considered to be stem cell 
precursors for all other airway epithelial cells in the upper airway regions. Basal cells 
can differentiate into mucus or ciliated cell phenotypes.*? Whereas mucus cells may 
also be able to differentiate into ciliated cells, the ciliated cell is considered as a termi- 
nally differentiated cell type. 

An important observation with regard to experimental models of human airway 
epithelial cells is that isolation of upper airway epithelial cells for tissue culture pur- 
poses results initially in a predominately basal cell-like culture since isolated basal 
cells proliferate at a greater rate than isolated ciliated and mucus cells. Furthermore, 
for cells isolated from CF airways, the rate of proliferation of basal cells is even greater 
than that in normal airway probably reflecting responses to ongoing inflammatory pro- 
cesses.*+ Therefore, morphological differences need to be considered when designing 
models to study the interactions of gene transfer vectors with airway cells that are pre- 
sumed to represent the cells in the lung that are exposed to lumenally delivered vectors. 

Although CF is a disease of the respiratory epithelium, the exact airway region 
where CF lung disease initiates is still a matter of debate. It does appear that the 
first signs of pathology occur in the distal airways with findings of bronchiolitis and 
mucus plugging in the small airways and although the exact nature of how the CFTR 
defect initiates the disease is not totally resolved, it does appear that hydration of the 
periciliary fluid layer in these regions may be a major cause.*>° Currently, both the 
airway surface columnar cells lining the lumen of the small bronchiolar airways and 
the serous cells of the submucosal glands are candidates for the location for the onset 
of the disease. The cell type that is believed to be predominately involved in the onset 
of disease and therefore the specific target for gene transfer is the ciliated cell since 
these cells exhibit all of the ion- and fluid-transporting functions of CFTR and display 
abnormal function in patients with CF.*’” However, the submucosal gland serous cell 
is the highest CFTR-expressing cell type in the lung, suggesting that these cells may 
also be an important target for gene replacement.*® 

Ultimately it will be important to determine the location of disease initiation since 
it is likely that for a lumenal gene therapy to be successful, administration of vector 


Utility of Adenoviral Vectors 639 





will have to occur early in the life of a CF patient. Later in life, when the airways pos- 
ses overwhelming mucus plugging and associated bacterial colonization and inflam- 
mation, delivery of genes to the target cells will likely become restricted. The current 
thrust for CF gene therapy strategies is to deliver transgenes to target cell types before 
such other barriers to treatment are present. 


5. Ad Vectors as Gene Transfer Vectors in the Lung 
5.1 Animal Models for CF Airway Gene Transfer Studies 


The generation of CF mouse models was an important step for understanding the 
physiology of CF disease. There have now been over 10 different mouse models pro- 
duced displaying a range of CF-associated genetic mutations.°*? Although most of the 
models reflect the most common human mutation, either a complete gene knockout or 
a AF508 mutation of the mouse CFTR, other models with less common human muta- 
tions (e.g., G551D) have also been reported. The multiorgan pathophysiology asso- 
ciated with the different models has been recently reviewed.*° Interestingly, although 
the gastrointestinal phenotype of CF mice is similar to that observed in CF patients, 
there is no CF-like pathology associated with the CF mouse lung. A comparison of 
bioelectrical measurements between CF human and CF murine airways has revealed 
that both species exhibit, relative to normals, hyperabsorption of sodium and an absent 
or reduced cAMP-induced chloride secretory response. However, it has been deduced 
that the ion transport defects in the CF mouse airway do not lead to CF-like lung 
pathology because CF murine airways compensate for the loss of CFTR activity by 
upregulating an alternative chloride secretory channel that is regulated by changes in 
intracellular calcium.*° However, from a practical standpoint, the ability to measure 
the “bioelectrical defect” in CF mouse airways makes the model useful in terms of 
monitoring “bioelectrical correction” with gene transfer strategies, but the ability to 
monitor inhibition or reversal of CF-like pathology induced by transfer of normal 
CFTR is not possible in these current models. Therefore, the current gold standard for 
success in CF gene transfer to mouse lung in vivo is correction of the chloride (and 
sodium) ion transport defects. 

Most gene delivery strategies to murine airways have focused on the epithelium of 
the nasal mucosa and trachea mainly because of accessibility to these regions but also 
because these regions are similar to those targeted for human CF gene therapy trials. 
Unfortunately, baseline bioelectric measurements of murine trachea indicate that these 
tissues do not display sodium hyperabsorption,*! a key indicator for the human dis- 
ease, and one that will likely need to be corrected for a treatment to be successful. In 
contrast, the epithelium of the CF mouse nasal cavity and freshly isolated CF murine 
nasal mucosa both display sodium hyperabsorption and reduced cAMP-induced chlo- 
ride secretory activity providing an ideal model for study.*? A further difficulty with 
murine airways (excluding nasal epithelium) is the large proportion of Clara cells 
that are present throughout the upper airway. The distribution of this cell type in the 
mouse may be misleading when comparing gene transfer efficiency between mouse 
and human upper airways (see later). The murine nasal mucosa however has few Clara 
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cells and exists as a pseudostratified mucociliary epithelium with a cell-type distribu- 
tion similar to human nasal mucosa, again demonstrating the usefulness of this tissue 
for gene transfer studies. 

Therefore, in conclusion, the CF murine models do not display spontaneous or 
induced pathological signs of human CF lung disease. However, CF murine airways 
do display bioelectric abnormalities associated with human CF and correction of these 
parameters by gene transfer can be measured both in vitro and in vivo. Given these 
considerations, since most clinical trials have focused on studying gene transfer to the 
nasal mucosa, the CF mouse nose is considered a good model for studying these strat- 
egies. In addition, since the epithelial cell-type distribution in human nose is similar 
to that of the human trachea and bronchus the nasal epithelium would appear a good 
model for a large proportion of the human airway epithelium. 


5.2 Success and Limitations of Ad 
5.2.1 Efficiency of Gene Transfer 


5.2.1.1 Cell Types 
The major cell types that support wild-type Ad infection in the lung are the epithelial 
cells of the respiratory mucosa lining the airway passages. The tropism of Ad to the 
respiratory epithelium established this vector as an obvious candidate for delivering 
transgenes to the lung. Indeed, Ad-mediated gene transfer to airway epithelial cells 
grown under standard culture conditions in vitro is highly efficient,*>*+ with cellular 
transduction efficiencies of 90-100% and when the transgene is CFTR, full correc- 
tion of the spectrum of CF bioelectrical defects is obtained.! In contrast, observations 
from in vivo epithelial cell models derived from cartilaginous (upper airway) regions 
of the airways of rodents, nonhuman and human primates, show that transgenes are 
expressed after in vivo dosing in less than 20% of the surface epithelial cells, an effi- 
ciency unlikely to benefit to the defective physiology of a CF airway.***> Although 
the efficiency of gene transfer can be enhanced by prolonging the contact time of 
Ad with the epithelium for 12—24h, it is difficult to envision this strategy as being 
practical in a clinical scenario.*®*7 In the case of intralumenal delivery of Ad to the 
lower airways of rodents, gene transfer to 10-80% of the airway epithelial cells has 
been reported with apparently no cell-type-specific selectivity,*®*° although, in a 
detailed study of Ad administration to murine airways, only the nonciliated bronchi- 
olar epithelial cells (i.e., Clara cells) were observed to express transgenes." Clara 
cells are not thought to require correction in the CF lung and this observation casts 
a shadow on the use of murine airway epithelium as a model for Ad-mediated gene 
transfer to the human airway epithelium where Clara cells are less common. There- 
fore, it appears that lumenal facing well-differentiated (WD) airway epithelial cells 
in vivo, at least in the upper airway regions, are resistant to efficient Ad-mediated 
gene transfer. 

How can we envision that the airway epithelial cells facing the lumen of the airway 
are not transduced by Ad given the large body of clinical data that show that these 
cells are targeted in wild-type infections? In a series of studies using human tracheal 
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epithelium ex vivo and murine trachea in vivo it was discovered that injury to the epi- 
thelium by physical abrasion of the columnar cells revealed epithelial cell types that 
are susceptible to efficient Ad transduction, as depicted in Figure 1.435152 

This cell-type-specific variable efficiency led to the finding that underlying 
basal cell-like cells were efficiently transduced by Ad. These cells, as precursors to 
columnar cells could once transduced, over time proliferate and differentiate into 
transgene-expressing columnar epithelial cells. Since the epithelial basal cells are 
probably stimulated to proliferate and differentiate upon injury these susceptible 
cells were described as “basal cell-like cells” or the poorly differentiated (PD) airway 
epithelial cells, i.e., injured or regenerating cells, and this cellular phenotype is 
similar to that displayed by airway epithelial cells grown on plastic that are also 
highly transducible by Ad.43-44 

One consideration when comparing wild-type Ad infection to Ad vectors is that the 
latter rely on delivering many virus particles to a target tissue whereas wild-type Ad 
needs only access to a small number of cells from which Ad replication and spread 
can then occur. Therefore, wild-type Ad may be able to take advantage of regions of 
the airway in which epithelium integrity is compromised or injured. Initiation of wild- 
type infection in injured regions would then be able to spread as a “basal cellitus” 
effectively beneath the resistant superficial columnar cells. 
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Figure 1 Increased susceptibility of injured epithelium to Ad-mediated gene transfer. 
Exposure of Ad vectors to intact pseudostratified columnar cells (CC) results in low gene 
transfer efficiency. Physical abrasion of columnar cells before Ad exposure results in efficient 
gene transfer to the underlying basal cells (BC). Upper figures show schematic of intact and 
injured pseudostratified columnar respiratory epithelium and lower figures are intact and 
abraded human tracheal epithelium exposed to Ad-LacZ ex vivo. 

Reprinted from Ref. 20 with permission from Elsevier Science. 
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5.2.1.2 Receptors 
The differences in the gene transfer efficiencies for the two cellular phenotypes of 
airway epithelial cells, the PD and WD columnar cells, suggest that an early step in 
the virus—cell interaction is deficient for the WD cells. Ad enters epithelial cells by a 
two-step process: (1) initial attachment of the viral fiber-knob protein to a high affinity 
receptor, the human coxsackie B and Ad 2 and 5 receptor (hCAR)°>* and (2) trans- 
location of the virus into the cell cytoplasm via clathrin-coated pit internalization pro- 
cesses, in part mediated by an interaction of the viral penton base with a,B3/5 integrins.>° 

Since quantitative studies of the interactions of Ad with the airway epithelium 
in vivo are difficult and prone to considerable variation, specialized cell culture models 
have been generated to aid characterization of the interaction of Ad with both PD and 
WD cell types. These models have been shown by a number of groups to reproduce!: 
the WD (ciliated) and PD cellular phenotypes and? the relative resistance of WD and 
permissiveness of PD cells to Ad-mediated gene transfer as observed in vivo.5657 In 
addition, although these models were originally generated to ask specific questions 
regarding gene transfer strategies, they have subsequently become valuable in a whole 
series of studies were quantitative and qualitative measurement of events in the airway 
epithelium are difficult to perform in vivo.3536-58-63 

Using these models of human airway epithelium, immunofluorescent and func- 
tional analyses of the interactions of Ad with human airway epithelial cells have 
shown that decreased gene transfer efficiency to WD compared to PD cultures is due 
to limited entry (penetration) of Ad across the apical membrane of WD cultures which 
reflects a reduced specific Ad attachment due to the absence of hCAR and a,ßs;s inte- 
grins from the apical surface. Interestingly, columnar cells and basal cell-like cells 
express all the necessary receptors to efficiently allow Ad entry but for columnar cells 
these processes are segregated and limited to the basolateral membranes as depicted in 
Figure 2. In these culture model systems, Ad has been shown to efficiently transduce 
epithelial cells when applied to the basolateral epithelial surfaces.56:57-64.65 

It appears that the most significant Ad—cell interaction in determining efficiency 
is that of the Ad—hCAR interaction. Many cell types usually resistant to Ad infection 
have been shown to be efficiently transduced after heterologous expression of hCAR, 
although the status of integrin expression in these cell types is not always clear.56-66 
Earlier observations had suggested that inefficient Ad-mediated gene transfer to a bron- 
chial xenograft model of human in vivo-like ciliated airway epithelial cells reflected the 
absence of a,ßs;s integrins from the lumenal membrane of the epithelium.® However, 
ayB3/5 integrins may not alone account for decrements in gene transfer efficiency. In 
support of this hypothesis, Ad mutants lacking penton base RGD sequences (normally 
required for Ad—o,63/5 integrin interactions) are able to efficiently transduce human 
epithelial cells although the rate of internalization is reduced.*’ In addition, in a B; inte- 
grin knockout mouse model, airway epithelial cells were equally susceptible to Ad-me- 
diated gene transfer as were wild-type airway cells,°° again suggesting that a,B3/5 
integrins may be facilitative rather than necessary for efficient vector entry into the cell. 

These observations are important for the design of targeted vectors that attempt 
to increase gene transfer efficiency to normally unsusceptible cell types.°°:”? Retar- 
geted vectors attached via nonspecific interactions or to noninternalizing receptors 
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Figure 2 Schematic of polarized epithelial cells displaying resistance of the lumenal 
surface to adenovirus attachment and entry. The receptors required for Ad entry are located 
on basolateral membranes and excluded from the apical membrane by the tight junctional 
complexes. 

Republished with permission from Boucher R. Current status of CF gene therapy. 

J Clin Invest 1999. 


will probably depend on nonspecific uptake pathways to enter cells and while this 
approach is useful for PD cells in vitro, increasing Ad attachment to WD cultures that 
do not exhibit these pathways is unlikely to improve gene transfer efficiency.>° 


5.2.1.3. The Innate Immune System of the Lung 

Despite the progress on the cell biological aspects of vector—cell interactions, surpris- 
ingly little attention has been devoted to another fundamental component of innate air- 
way defense that will almost certainly impact on the efficiency of lumenally delivered 
vectors, the barrier/shielding function of epithelial surfaces by the carbohydrate-rich 
cell surface glycocalyx. Expression of hCAR, engineered to be expressed at the api- 
cal surface of polarized epithelia by incorporation of a glycosylphosphatidylinositol 
linker (GPI-CAR), identified glycocalyx components as barriers for lumenally applied 
Ad accessing these receptors as depicted in Figure 3.7! Electron micrographs demon- 
strate a “fuzzy coat” on the cell surface,” termed the glycocalyx, and on epithelial 
cell apical surfaces it is comprised of several families of carbohydrate-rich molecules, 
including glycoproteins (most notably the mucins), proteoglycans, and glycolipids. 
Glycoconjugates are variably modified by sialic acid and sulfate that impart a strong 
anionic charge to the cell surface. A major component of the airway glycocalyx will 
likely be the “tethered” mucins and the molecular biologic advances in the mucin 
field have revealed that the MUCI and MUC4 are highly expressed in airway epi- 
thelium and have transmembrane anchoring (tethering) domains.’*-*? With respect to 
airway gene transfer, sialoglycoconjugates (including MUC1) comprising the glyco- 
calyx on MDCK cells appear to inhibit Ad gene transfer, presumably due, in part, to 
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Figure 3 Schematic of polarized epithelial cell expressing reengineered Ad receptors at 
the apical surface. These studies revealed that the apical surface glycocalyx was an effective 
barrier to Ad-accessing receptors located on the apical surface. 


their negative charge since neuraminidase treatment to selectively remove sialic acid 
can circumvent the glycocalyx barrier in these cell types.®°:8+ Although apical surface 
mucins expressed on WD cells are also restrictive to Ad, neuraminidase alone is not 
sufficient to allow Ad permeation through the glycocalyx, and more stringent proteo- 
lytic treatments are required.!!5-!!© Presumably, the mucins, including both tethered 
and secreted mucins, may also be present in the mucus layer in the airway and may 
act as false attachment sites for Ad thus effectively reducing the amount of Ad that 
ultimately reaches the epithelial surface. The reported rheological properties of CF 
mucus producing a more viscous, more dehydrated, and immobile barrier suggest that 
this obstacle to gene transfer will be even more pronounced in the CF lung. 

Other components of the innate immune system, not studied in specialized cell 
culture models, may also have barrier effects on gene transfer efficiency. Ordinarily, 
such barriers occur in the lung as primary defense mechanisms and may be aggravated 
in the CF lung where airway lumens are inflamed. For example, alveolar macrophages 
have been reported to sequester up to 70% of Ad genomes within 24h following tra- 
cheal administration to mouse airways.® In a mouse nasal model of CF lung bacte- 
rial colonization, Pseudomonas infection (PAOI strain) was shown to inhibit Ad gene 
transfer by 10-fold relative to noninfected control nasal airways.*® 

In conclusion, there appears to be numerous potential barriers to Ad gene transfer 
in the lung especially in the CF lung that exhibits an overactive inflammatory milieu, 
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and strategies to circumvent these barriers will likely need to be designed. However, 
even if all of these barriers are circumvented, the major cause of low-efficiency gene 
transfer is the lack of entry of Ad into the target cells. Strategies to improve the trans- 
duction efficiency will therefore be crucial to proving that the concept of gene transfer 
into the airway may actually be a feasible one. 

In summary, human WD cultures are resistant to Ad-mediated gene transfer because 
of decreased specific attachment sites and reduced nonspecific entry paths that can 
internalize a fraction of a large vector load typical of CF gene therapy protocols using 
Ad. To circumvent the inefficiency of Ad-mediated gene transfer to the respiratory 
epithelium, either alterations of the host will be required, i.e., ability to access Ad 
receptors expressed on basolateral cell surfaces or Ad will require retargeting to recep- 
tor types that are present in sufficient number on the airway epithelial lumenal surface 
which allow for efficient uptake of Ad into the cell. 


5.2.2 Safety 


Initial attempts to improve efficiency of Ad gene transfer to the airway epithelium 
in vivo have mostly involved delivery of greater doses of Ad to the lung. These doses 
can represent a relatively large protein load and the subsequent gene expression (even 
in nonepithelial cells) can produce an unusually high level of transgene in an organ 
that is designed for monitoring invading pathogen assaults. It is therefore not sur- 
prising that inflammatory and immune responses are observed when Ad is delivered 
to the lung and numerous studies have reported Ad-induced lung inflammation. In 
general, Ad induces an acute nonspecific mixed cellular inflammatory response and a 
late-specific, dose-related, lymphocyte-predominant, cell-mediated immune response 
in all species so far studied.??3-25-27.29.87-90 The acute response is nonspecific and 
likely induced by cytokine production in response to the protein load. It has also been 
suggested that neurogenic inflammation results after administration of Ad in rat air- 
ways, an effect shown to be partially due to vector gene expression but also to the viral 
proteins of the capsid coat.°! The later, specific immune response to Ad is mediated by 
major histocompatibility complex class I-restricted cytotoxic (CD8) T lymphocytes 
directed against viral gene products and transgene proteins in expressing cells. The 
subsequent destruction of these cells leads to loss of persistence of transgene expres- 
sion and so reduces efficiency of gene transfer.”*-°°? The use of second-generation 
and high-capacity “gutless” vectors aims to limit the amount of viral gene expression 
to decrease the effects of this late immune response and these approaches are the top- 
ics of other chapters.°*-?° 

In addition to cellular immune responses, Ad also elicits humoral immune 
responses with the production of mucosal and neutralizing antibodies.?5:87-90.96-98 
These responses have been shown to be against the viral capsid proteins and are sec- 
ondary to a helper (CD4+) T lymphocyte response. The production of such an anti- 
body response results in neutralization of subsequent readministration of Ad, resulting 
in loss of gene transfer assuming the same Ad serotype is used (see later). 

Therefore, in addition to the innate immunity of the lung (receptor localization, 
glycocalyx, macrophages, and mucus) reducing the efficiency of gene transfer, the 
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cellular and humoral immune systems also respond to Ad delivery into the airway and 
as a result reduce the efficiency of gene transfer and the persistence of expression in 
the target epithelial cells. 


5.3 Overcoming the Limitations of Ad 
5.3.1 Efficiency 


The localization of entry pathways for Ad to the basolateral surfaces of airway epithe- 
lial cells suggests that a delivery strategy to access these regions would be beneficial 
to improving gene transfer efficiency. This approach may also allow targeting of the 
epithelial stem cells (basal cells) resulting in transgene expression in the lung for the 
lifetime of the individual. This is an important consideration for gene transfer to the 
airway epithelium since fully differentiated lumenal facing cells (e.g., ciliated cells) 
have a relatively short lifetime in the order of 40-100 days and targeting these cell 
types specifically will require regular readministration of vectors. 

Access to basal cells/basolateral surfaces may possibly be achieved by intravenous 
administration of vectors if penetration of the blood vessel wall, the connective tissue, 
and the basal lamina of the basement membrane were achievable. Unfortunately, stud- 
ies that have attempted intravenous delivery strategies have not been successful since 
vectors do not appear to gain access to sufficient lung epithelial cells to make this 
approach feasible.°?-!°* Barrier functions provided by the blood vessel endothelial 
cells and connective tissue surrounding the airway passages seem impenetrable by 
Ad. Indeed, the particle permeability of the basal lamina alone is thought to exclude 
inert particles of greater than 10nm, which would certainly be restrictive to particles 
the size of Ad (100 nm). In an in vivo experimental mouse model where Ad was exter- 
nally administered directly to the tracheal basement membrane, efficient gene transfer 
to the connective tissue fibroblasts adjacent to the basement membrane was observed 
without gene transfer to the epithelial cells of the juxtaposed epithelium.>! 

To date, two main strategies to improve intralumenal delivery of Ad vectors have 
been focused on. One approach is to access the basolateral surfaces of the epithelial 
cells by disruption of the epithelial “tight” junctions, and the other is to retarget Ad 
vectors to nonviral receptors that are present on the apical surface of lumenal epithe- 
lial cells that allow for entry of Ad into these cell types. Retargeting has so far been 
achieved by chemically, immunologically, or genetically modifying the Ad capsid 
coat by incorporating new receptor ligands that can target candidate receptors. 


5.3.1.1 Modification of the Host by Opening Tight Junctions 

Epithelial cell “tight” junctions (zonula occludens) are collar-like structures composed 
of a diverse number of proteins that separate the apical and basolateral domains of 
the lumenal columnar epithelial cells. As well as functioning as a restrictive barrier 
to mixing of apical and basolateral membrane components, these intercellular junc- 
tions limit the transepithelial transport of solutes across the epithelium. A number 
of disease states have been shown to alter tight junction permeability (e.g., asthma), 
and reagents to increase the permeability of the junction are available. The key to 
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successful disruption of tight junctions to allow Ad access to basolateral epithelial cell 
surfaces will be to use a reagent that open tight junctions sufficiently for Ad to pass 
through but that is rapidly reversible to limit the passage of other lumenal contents 
(e.g., bacteria) or serosal fluid into the airway lumen. 

A property exploited for this purpose is the calcium ion dependency of the struc- 
tural integrity of the junction. Walters et al., have successfully shown that treatment 
of the apical surface of human WD airway cells with the calcium chelator EGTA or 
hypotonic solutions (e.g., water) allow for improvements in Ad-mediated gene trans- 
fer presumably by allowing Ad access to basolateral receptors.®! The slow revers- 
ibility of this effect however is problematic, tight junction reformation takes a least a 
couple of hours, a time period that would be unacceptable in a clinical setting. In vivo 
studies in mouse airways have confirmed that these treatments improve gene transfer 
efficiency although parameters of safety were not assessed fully.°?:!* 

More specific reagents are available for studying tight junction permeability and 
the effect on Ad gene transfer. Parsons et al. used a detergent, polidocanol, in murine 
airways in vivo to enhance Ad-mediated gene transfer, an effect shown to be due to the 
ability of this reagent to transiently open tight junctions. The short-chain fatty acid, 
sodium caprate, has also been used to increase Ad-mediated gene transfer to human 
WD cultures and results in full correction of CF cultures when AdCFTR is subse- 
quently applied to the apical surface. This result is exciting since the effect is rapidly 
reversible effect and has previously been used clinically for enhancing pharmaceu- 
tics absorption across the GI tract, again presumably by an effect on tight junctional 
permeability. 

These studies although fraught with inherent safety issues are beginning to estab- 
lish that this strategy for delivering transgenes to the lung may be a viable option. 
The possibility of targeting the basal stem cells by this procedure is reason enough to 
continue pursuing the usefulness of these strategies. 


5.3.1.2 Targeted Ad to Increase Gene Transfer Efficiency 

Targeted Ad directed against specific receptors has been used to successfully trans- 
duce cell types that are usually refractory to Ad infection. The epidermal growth fac- 
tor receptor, stem cell factor receptor, fibroblast growth factor receptor, ay integrins, 
and T cell receptors (CD3) have all been used as surrogate receptors for Ad entry in 
a variety of cell types.!°>-!°8 Given the lack of Ad receptors at the apical surface of 
lumenal airway epithelial cells, a retargeting strategy to receptors known to present 
on the airway lumen may allow for gene transfer efficiency to be improved. However, 
a successful targeting strategy to the lung epithelium will require the identification of 
target molecules that allow for attachment and internalization of AdV across the apical 
membrane of columnar airway epithelial cells. 

The identification of target receptors to which to redirect Ad tropism on the lumen 
of airway epithelium is difficult because most receptors and entry mechanisms occur 
on the basolateral surfaces of the cells. Certain members of a specific 7-transmem- 
brane-spanning G-protein-coupled receptor family (i.e., P2Y2 purinoceptors, B2 kinin 
receptors, and adenosine type 2b receptors) have been identified as putative utile tar- 
get receptors for redirecting Ad tropism to the surface epithelium of the lung. These 
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receptors have been shown to be present on the lumenal surface of human airway epi- 
thelium and internalized into clathrin-coated pits when activated by their respective 
agonists. !0° The utilization of clathrin-coated pit internalization pathways for native Ad 
receptors suggests that the G-protein-coupled receptors may provide an ideal surrogate 
entry pathway for Ad. The high potency of P2Y2 agonists (e.g., ATP, UTP) combined 
with the low affinity of these agonists for the receptor suggests that the P2Y2 purino- 
ceptors are abundant in number on the lumenal surface of the human respiratory epi- 
thelium.!!° Since pharmacological activation of airway epithelial P2Y2 receptors does 
not result in untoward effects in human airways, this receptor is an ideal target receptor 
to redirect Ad tropism. However, since the only available ligands for this receptor are 
low-affinity, small organic molecules, certain technical difficulties are associated with 
conjugating these molecules to Ad. Other receptor types suitable for Ad retargeting 
exist on the airway although specific retargeting data for Ad are lacking. The urokinase 
plasminogen activator receptor, uPA-R and the SEC-2 receptor have also been pro- 
posed as target receptors for Ad and adeno-associated virus (AAV), respectively.!!!-!!? 


5.3.1.2.1 Immunologically Modified Targeted Vectors One immunological 
approach for targeting gene transfer vectors is using bispecific antibodies linking 
Ad directly to non-Ad receptor types present on the cell surface.!°7-!!3 For example, 
chemically conjugated antibodies, one of which is directed against an epitope-tagged 
Ad coat protein and the other against ay integrin membrane proteins have been 
reported to increase gene transfer efficiency by seven- to ninefold compared to that 
of nonmodified Ad, indicating that increased Ad attachment results in increased gene 
transfer efficiency.!!? In a similar approach, Ad was retargeted to nonviral receptor 
types in conjunction with ablation of the natural Ad tropism using an anti-fiber-knob 
protein antibody conjugated to folate.!!* Folate-conjugated antibody was the ligand 
of choice since the folate receptor is reported to be upregulated on the surface of 
malignant cells, thus providing a targeted vector for a variety of cancers. Retargeting 
Ad to cells expressing folate receptors was shown to be specific and successful with 
significant increases in gene transfer efficiency. 

As “proof-of-concept” studies, an hemaggluttin (HA) epitope-tagged P2 Y2 receptor 
expressed at the apical surface of human WD cultures and targeted with bispecific anti- 
bodies consisting of antibodies to Ad fiber-knob protein/HA tag has been shown to facil- 
itate Ad entry into these cell types, shown schematically in Figure 4.!!5:!!© This effect 
is enhanced by coadministration of exogenous ATP to activate the receptor, an effect 
that can be reduced by desensitization of the P2Y2 receptors prior to addition of tar- 
geted Ad. Importantly, the apical surfaces of the HA-tagged P2 Y2-expressing cultures 
required a brief exposure to specific proteases before targeting was effective suggesting 
that the apical surface glycocalyx hindered access of the targeted vector to the target 
receptors.!!> This approach also relied on the expression of an HA-tagged receptor that 
may be overexpressed relative to the endogenously expressed P2Y2 receptors in the 
culture system. The number of target receptors and the affinity of the targeting ligand 
are both likely to be critical parameters for the success of such a targeting strategy. 


5.3.1.2.2 Chemically Modified Targeted Vectors Since antibodies to the external 
domains of P2Y2 receptors are not currently available, a strategy to target Ad to the 
endogenous P2Y2 receptor was to chemically conjugate small molecule agonists (UTP) 
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Figure 4 Schematic of targeting strategy used to redirect Ad tropism to P2Y2 receptors 
on the apical surface of human airway epithelial cells. Bispecific antibodies against the 
virus and the receptor were used as a targeting link and activation of the receptor results in 
receptor internalization and entry of Ad with subsequent gene transfer. 


to the proteins of the Ad capsid coat. Using chemically reactive biotin derivatives, biotin 
was coupled to the Ad capsid coat predominately via hexon protein. This strategy is 
reported to couple 2—300 biotins to a single Ad particle and does not significantly alter 
the fiber-knob-hCAR interaction. By using commercially available biotin-linked UTP 
in combination with streptavidin as a “bridge” linking biotin-Ad to biotin-UTP, these 
molecular conjugates were shown to mediate gene transfer by an interaction specifically 
with endogenous P2Y2 receptors on the apical surface of WD cultures.!°? Again, the 
effectiveness of this approach was reduced by the presence of apical surface glycocalyx 
since gene transfer was only observed in cultures pretreated with agents that degrade this 
barrier. Regardless, gene transfer efficiency using these conjugates was still inefficient, 
probably due to the clumsiness of the “streptavidin bridge” and the low affinity of 
UTP for this receptor. Future experiments using this targeting strategy will require the 
identification of receptor agonists with higher affinity in addition to improved methods 
to directly couple the agonist ligands to the Ad capsid coat. 

Another method for chemically conjugating receptor ligands to Ad is by the use 
of polyethylene glycol (PEG) that can be covalently linked directly to the Ad capsid 
coat. A number of groups have now shown that PEG-conjugated viruses can be used 
to target Ad.!!!:!!7 For example, Ad conjugated to a 12-amino acid peptide, identified 
from phage display assays on the apical surfaces of human WD cultures, resulted in 
a 10-fold increase in gene transfer efficiency to these cell types.!!” Similarly, Ad con- 
jugated via PEG to a peptide that binds to uPA-R has been shown to target Ad to this 


650 Adenoviral Vectors for Gene Therapy 





receptor type and enhance gene transfer to polarized airway epithelia.!!! An additional 
bonus of using PEG-conjugated Ad is that these vectors appear to be less immuno- 
genic that non-PEG-conjugated Ad. This effect is due to the masking of antigenic Ad 
capsid proteins (mainly hexon) from neutralizing antibodies. !!8 


5.3.1.2.3 Genetically Modified Targeted Vectors The ideal targeted vector would 
be one in which the target ligand could be incorporated into the capsid coat with minimal 
disruption of the physical and biological properties of Ad. For targeting strategies in 
which a peptide ligand is used, the most desirable method would be to generate an Ad 
vector genetically modified to express a functional peptide ligand on the viral surface. 
Such an approach for targeting vectors has been reported, where the Ad viral coat has 
been genetically modified to express multiple polylysine groups on the C-terminus of 
the Ad fiber-knob protein.”° This redirects Ad tropism to heparan sulfate moieties that 
are present on the surfaces of most mammalian cells. With certain nonepithelial cell 
types, which lack hCAR, this modified vector has been shown to increase gene transfer 
efficiency from 10- to 300-fold in comparison to nonmodified Ad. However, the modified 
vector will likely not be useful for gene transfer to the airway epithelium since heparan 
sulfate is not expressed at the apical surface of airway epithelial cells.'!° Targeted Ad 
in which the fiber-knob protein (responsible for Ad attachment to the hCAR) has been 
modified to express novel ligands that can interact with other receptor types are being 
developed and the feasibility of this approach has now been reported by a number 
of groups.!%-!20.!21 A recent development in this type of approach was reported by 
Krasnykh et al.,!”* who hypothesized that the HI loop region of the fiber-knob structure 
can withstand the insertion of heterologous peptide sequences without significantly 
compromising the tertiary structure of the fiber-knob protein nor the production and 
infectivity of the modified Ad. These authors incorporated the FLAG octapeptide marker 
sequence into the HI loop region and were able to produce functional Ad. Importantly, 
they also showed that the sequence contained within intact virions was accessible to a 
FLAG-specific antibody suggesting that sequences inserted into this region are capable 
of interacting with other target substrates such as cell surface receptors. 

A significant technical advance in Ad-targeting strategies evolved from studies that 
deduced the viral sequences in fiber-knob protein that interact with hCAR. Genetic 
ablation of these sequences from Ad vectors led to the generation of Ad that no longer 
binds to hCAR and no longer transduces cells that are permissive for normal Ad trans- 
duction.!? The broad cellular tropism of Ad vectors can now be reduced and by the 
addition of targeting moieties to these Ad vectors specific cell-type targeting is possi- 
ble. Reduced Ad interactions with nontarget cells will lessen the potential for adverse 
effects with these vectors. In the lung, however, the significance of natural tropism 
ablation is unclear since most of the epithelial cells targeted with delivery strategies 
do not express Ad receptors at the lumenal surface. However, the loss of transduction 
to other cell types that may interact with Ad delivered to the lung (e.g., macrophages, 
dendritic cells) may benefit from the hCAR-binding ablation mutant. 

Recent developments in immunologically, chemically, and genetically modified 
targeted Ad suggest that “designer” gene transfer vectors will one day be available. 
Although Ad vectors, in their present form, may not be ideal for a number of gene 
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transfer target tissues, notably the lung epithelium, this vector clearly remains at the 
forefront of gene therapy research since it is still one of the most efficacious gene trans- 
fer vectors available and will continue to be useful at least in “proof-of-concept” studies. 


5.3.1.2.4 Screening with Other Adenoviral Subtypes Although over 51 different 
serotypes of wild-type Ad exist, the predominant serotypes used for gene transfer 
experiments are serotypes 2 and 5. The reason for this is largely historical since these 
two serotypes have been extensively studied over the last 30 years and understanding of 
the viral genome has allowed the manipulations necessary to evolve these viruses into 
gene transfer vectors. With regard to the airway epithelium, other serotypes have been 
suggested to be efficacious at delivering transgenes to human WD cultures. Serotypes 17 
and 12 have been shown to bind/deliver transgenes 10-fold over Ad2 vectors. !** However 
as of yet no conclusive results have been presented that suggest that the improvements 
warrant future investigations with these vectors. One approach to determining if any of 
the other serotypes may be more efficacious in the lung epithelium could be envisioned 
using a recently reported system of generating an AdS capsid expressing fiber proteins 
from the other serotypes.!2° This system was used to screen vascular endothelial and 
smooth muscle cells and the efficiency of gene transfer compared against the efficiency 
of gene transfer with Ad5. This screening procedure identified Ad5 with Ad16 fibers 
as being significantly more efficient at gene transfer than Ad5 in these particular cell 
types. It will be of interest to screen these serotypes on human WD cultures relative 
to Ad5 to determine whether other Ad serotypes may be of benefit to airway epithelial 
cell gene transfer. A serotype which may be of particular interest is Ad37, since it has 
been reported that Ad37 utilizes sialic acid residues that are present on the extracellular 
surfaces of most cells.!”° An abundance of sialic acid residues on the lumenal surface of 
airway epithelial cells as components of glycoconjugates may allow for improved gene 
transfer. Whether attachment of Ad37 to sialic acid residues located on the airway lumen 
leads to efficient entry and gene transfer awaits further study. 


5.3.1.2.5 Other Methods to Increase Gene Transfer Efficiency Nonspecific 
methods to enhance Ad-mediated gene transfer to airway epithelial cells have been 
reported.!?7:!?8 Calcium phosphate coprecipitation has been used to precipitate 
aggregates of Ad and other vectors to increase gene transfer to airway epithelia both 
in vitro and in vivo. It has been suggested that in in vivo these aggregates increase 
the rate of nonspecific endocytosis of Ad across the apical membrane of polarized 
epithelial cells. The possible effects of this technique on cellular and paracellular 
permeability have not been investigated. 

Another method to improve both the delivery and efficiency of Ad to the lung epi- 
thelium in vivo is using the inert perfluorochemicals (PFCs). These compounds are 
liquid in nature but due to high-oxygen saturation capacities can be instilled into the 
lung for periods of time with maintenance of passive oxygen diffusion. Several studies 
have now shown that administration of gene transfer vectors (including Ad) with PFC 
results in increased gene transfer to rodent and nonhuman primate lungs.!29-!3! The 
improvements in gene transfer are predominately localized to the alveolar regions 
with only modest improvements in the efficiency of gene transfer to the respiratory 
epithelium. The exact mechanism by which PFCs produce these effects remains to 
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be determined but may be due to prolonged contact time for the vector on the cells 
and reduced ingestion of Ad by macrophages and/or due to some nonspecific effect 
on the paracellular permeability. Nonetheless, this method provides an example of a 
new strategy to deliver transgenes to the lung without the need for direct instillation 
or aerosolization, which are both inefficient methods for airway epithelium delivery. 


5.3.2 Safety 


Strategies that improve gene transfer efficiency, as described above, will allow for 
lower doses of Ad to be administered to the lung. This achievement alone will be ben- 
eficial in reducing the inflammatory responses seen with Ad administration. However, 
attempts are also been made to reduce the inflammation produced by expression of 
viral genes that produce the cell-mediated immune responses described above. The 
identification of specific viral genes that initiate or amplify the immune response has 
led to the reengineering of Ad vectors to ablate the specific gene expression. For exam- 
ple, vectors deleted of E2a and E4 have been reported to display reduced immune 
responses and improve persistence of transgene expression.’ The ultimate vector is 
one that contains no viral genes and the high-capacity “gutless” vectors have been gen- 
erated and appear to blunt the immune response considerably.!?™!34 In contrast, sev- 
eral viral genes have been identified that have evolved to subvert the immune response 
and the inclusion of these genes into new vectors may be desirable (e.g., E3).!* 
Strategies to circumvent the humoral immune response are also been considered. 
Since this arm of the immune system results in the inability of readministration of 
specific Ad serotypes, serotype switching has been proposed as a method to allow 
repeat administration. Indeed, Ad5 administration but not Ad4 or Ad30 has been 
reported to prevent the gene transfer obtained with subsequent Ad5 administration to 
the lung.°’? However, in addition to this being a somewhat limited procedure, it is not 
yet clear whether these different serotypes are as inefficient for gene transfer to the 
airway epithelium as Ad5. Transient immunosuppression has also been suggested to 
reduce the inhibitory effects of neutralizing antibodies. Intratracheal administration of 
immunosuppressive factors (IL-12, interferon gamma, antibodies to CD40, cortico- 
steroids, and cyclophosphamide) at the time of vector administration have all shown 
a reduction in generation of neutralizing antibodies.'*°-!*° The longer-term effects of 
administering these factors to lung have not been reported. Finally, covalent conjuga- 
tion of PEG to the Ad capsid coat that permits addition of targeting moieties is also a 
strategy for the virus to elude neutralizing antibodies by masking capsid coat proteins, 
especially hexon protein. Although PEGylation of Ad leads to some loss of viral titer 
and aggregation the ability of this procedure to develop targeted vectors combined 
with reduction in immune response makes this a promising method for future study. ! 18 


6. Other Vectors 


The focus of this review has been on Ad vectors for use in CF lung disease. However, 
a number of other vectors have been suggested as candidates for CF lung gene transfer 
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vectors. AAV, retrovirus, lentivirus, and liposomal vectors have all shown promise in 
preclinical studies in the lung and some have been tested in clinical trials. The general 
observation is that all of these vectors, like Ad, do not appear to display the efficiency 
of gene transfer in WD airway epithelial cells as they do in nonpolarized cells sug- 
gesting that these vectors confront similar barriers in the airways as do Ad vectors. 
Strategies to improve gene transfer efficiency for these other vectors have followed 
the progression of experiments with Ad, i.e., tight junction modulation, targeting, 
serotype switching, and immune response reduction, and all have been shown as for 
Ad to improve efficiency to some degree. Whether efficiency can ever be improved 
to a point that shows efficacy in the lungs of CF patients remains to be determined. 
Meanwhile, other viruses (Sendai virus!*! and lentiviruses pseudotyped with filovirus 
coat proteins'*?) may show promise for gene delivery to the airway and preliminary 
reports suggest that these viruses or components thereof may one day provide us with 
a method to deliver transgenes to the lung in an efficient and safe manner. 


7. Conclusion 


It is clear that the evolution of gene therapy has been aided by many different aspects 
of basic biological and medical research efforts and the possibility of a gene therapy 
for CF lung disease will only take time and a continuation of these efforts. These 
findings will not only be beneficial to the treatment of CF lung disease but also other 
disease states, which are continually being brought closer to a treatment and perhaps 
a cure by this new and exciting biomedical technology. 
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Adenoviral vectors have a number of features that make them a suitable platform for 
pulmonary disease, including high transfection efficiency and stability after systemic 
administration. Early studies investigated the potential for direct airway administration 
with the aim of achieving airway epithelial transduction, for example, in the context of 
cystic fibrosis (CF) gene therapy. Unfortunately, transfection efficiency in this setting 
was poor due to difficulties in traversing airway epithelial mucus and glycocalyx, as well 
as the fact that the coxsackie and adenoviral receptor (CAR) is located at the basolat- 
eral surface of epithelial cells, below the intracellular tight junctions. These difficulties, 
coupled with the issues of the proinflammatory effects of first generation Ad vectors in 
Phase I CF trials, have led to a move away from Ad as an airway gene delivery vehicle. 
However, advances in helper-dependent Ads (discussed elsewhere), as well as strategies 
to bypass the glycocalyx barrier, may see renewed interest in Ad for this setting. 

An alternate strategy for pulmonary gene therapy is systemic vascular delivery with 
the aim of transducing pulmonary vascular endothelium. Such an approach may lead 
to direct correction of genetic aberrations in endothelial cells, or deliver genes that 
code for proteins that are secreted in the local milieu for a more widespread effect. 
For this application, the systemic stability of Ad is a clear advantage, but the recog- 
nized shortcomings, including hepatic sequestration and relatively poor pulmonary 
transduction after intravenous administration, must be overcome. This chapter will 
primarily discuss the translation of targeting principles to a gene-based approach to 
therapy for pulmonary vascular disease. 

In the clinical setting, pulmonary arterial hypertension (PAH) is a condition for 
which new treatments are needed and gene-based approaches may provide an import- 
ant new option for therapy.! PAH is defined physiologically as a mean pulmonary 
artery pressure of greater than or equal to 25mm Hg, with a normal pulmonary capil- 
lary wedge pressure, thereby excluding secondary pulmonary hypertension due to left 
heart disease.” Pathologically, PAH is characterized by abnormal arteriolar endothe- 
lial proliferation with the development of plexiform lesions composed of monoclo- 
nal expansions of endothelial cells and associated smooth muscle hypertrophy. There 
have been substantial improvements in our understanding of the pathological basis of 
PAH over the past 15 years. A major milestone was the discovery by two independent 
groups of the role of mutations in the gene for bone morphogenetic protein receptor 
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type 2 (BMPR2) in the pathogenesis of PAH.** The causal link between BMPR2 
mutations and PAH is now clearly established based on studies of familial PAH and 
confirmed by a number of transgenic mouse studies.° Patients with BMPR2-related 
PAH are heterozygous for a mutant allele—homozygous mutations in mice are con- 
genitally lethal due to the key role BMPR2 plays in organogenesis. In animal models 
(such as hypoxia and monocrotaline-induced PAH in rats) in which mutations are not 
present, there is an acquired deficiency of BMPR2 characterized by reduced protein 
expression.®” This deficiency has now also been shown in some patients, including 
those with scleroderma-associated PAH. In this latter context, BMPR2 downregula- 
tion in skin microvessels is due to promoter methylation, and it is likely that the same 
basis exists for scleroderma-associated pulmonary vascular disease, although this is 
yet to be proven.® On balance, this body of evidence suggested that correction of 
BMPR2 deficiency by gene delivery could be a novel approach to therapy. 

To achieve BMPR2 upregulation, McMurtry et al. first attempted aerosol gene 
delivery in a rat model using an Ad vector carrying the BMPR2 gene.’ Detailed immu- 
nohistochemistry indicated that some transduction of pulmonary vascular smooth 
muscle was achieved; however, in the monocrotaline PAH model that was used, no 
therapeutic impact was achieved. Immunohistochemistry assessment of BMPR2 
expression in the lungs reveals predominant expression in endothelial cells, with lesser 
staining seen in smooth muscle.!° We therefore rationalized that direct gene delivery 
to endothelial cells may be necessary to achieve a therapeutic impact with BMPR2. 

Ad vectors with native tropism for CAR are relatively inefficient in achieving pulmo- 
nary endothelial transduction after vascular administration due to the vast bulk of vector 
being sequestered by the liver. To achieve gene delivery to pulmonary vascular endothe- 
lium it is necessary to alter Ad tropism. These modifications require altering the Ad cap- 
sid, either by direct genetic manipulation of Ad proteins or by using adapter molecules. 

Achieving efficient, selective targeting to pulmonary vascular endothelium requires 
the selection of a target protein expressed on pulmonary endothelial cells. Candidate 
molecules include platelet—endothelial cell adhesion molecule (PECAM) and angio- 
tensin converting enzyme (ACE), among others.!! With respect to ACE targeting, a 
monoclonal antibody, Mab9B9, has good intravascular targeting properties and has 
been used to target proteins to pulmonary endothelium. !? In the context of PAH, ACE 
levels are increased in the endothelium in the remodeled pulmonary vessels, suggest- 
ing that this target may have particular utility in this disease.!° 

To redirect Ad vectors to pulmonary endothelium it was necessary to alter the tro- 
pism to achieve binding of the virus to cell surface ACE. Initial attachment of virus 
to cells is generally achieved by binding of the knob domain at the tip of the Ad fiber 
protein to CAR. Internalization is then mediated by an interaction between the cell 
surface integrins and an RGD motif located in the penton base. An alternative entry 
pathway for hepatic cell transduction is mediated by an interaction between plasma 
coagulation Factor X and protein motifs in the Ad hexon.!* 

To establish the proof of principle that Ad vectors could be retargeted after systemic 
in vivo injection, an antibody conjugate approach was used.'° A monoclonal antibody 
was derived against the Ad knob domain, and then the Fab fragment of this antibody was 
chemically crosslinked to Mab9B9, thus forming the bispecific conjugate “Fab-9B9.”!® 
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Figure 1 Retargeting schema using Fab—9B9 to redirect Ad binding away from CAR and 
toward pulmonary endothelial ACE. 


The concept was that this would block the native fiber knob—CAR binding and redirect 
the Ad to bind to ACE (Figure 1). It must be noted, however, that this strategy by itself 
does not significantly affect hexon—Factor X binding and thus liver sequestration of 
vector remains a limiting factor. Nevertheless, significant increases in pulmonary trans- 
duction were achieved with this approach. Immunohistochemistry and electron micros- 
copy with immunogold staining confirmed endothelial gene delivery (Figure 2).!6 

To determine whether retargeted Ad could be used as a therapeutic platform, a 
vector carrying the BMPR2 gene (incorporating a myc tag to facilitate detection) was 
constructed. The therapeutic potential was then evaluated in two widely used ani- 
mal models of pulmonary hypertension: the rat hypoxia and monocrotaline (MCT) 
models.’:!’ Rats were placed in 10% oxygen atmosphere for 3 weeks, administered 
AdBMPR2myc+ Fab-9B9 or control vector+ Fab-9B9, returned to hypoxia, and then 
assessed 3 weeks later. Detection of BMPR2 expression by the Western blot of lung 
lysate confirmed that levels were reduced by hypoxia and restored by AABMPR2myc 
gene delivery (Figure 3). Physiological measurements showed that hypoxia led to an 
increase in right ventricular systolic pressure (RVSP) and mean pulmonary artery pres- 
sure (mPAP) that was substantially ameliorated by targeted AABMPR2myc (Figure 4). 
In conjunction, right ventricular hypertrophy (determined by the Fulton index, RV 
weight/LV + septum weight) was significantly reduced and cardiac output (CO, mea- 
sured by thermodilution) was significantly increased. 
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Figure 2 Electron microscopy detection of transgene expression. Portion of alveolar wall 

from rat that received ACE-targeted AdCMVCEA, immunogold staining for CEA transgene 
expression. An endothelial cell nucleus can be seen. Beads are localized to endothelial cell 
aspect of the alveolar wall. Arrowheads indicate basement membranes. Arrows indicate gold 
beads. I indicates type I alveolar epithelial cell. Original magnification: (inset) 3000x, (A and B) 
20,000x. Taken from Reynolds et al.!6 


To further investigate the potential for Ad-mediated therapy of PAH, the MCT 
model was then used.'* In this setting PAH develops due to an inflammatory 
response in the pulmonary vasculature induced by a subcutaneous injection of MCT. 
Thus, rats were administered MCT, and then 10days later they were administered 
AdBMPR2myc+Fab-—9B9 or control and assessed 10 days after that. In this setting 
reduced BMPR2 was again seen with the PAH stimulus and was increased with gene 
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Figure 3 Effect of PAH and BMPR2 gene delivery on BMPR? protein expression in (A) 
MCT PAH model and (B) hypoxia model. Effect of PAH and BMPR2 gene delivery on TGFB 
levels in MCT model. Data are presented as mean + SEM. n=5-6 animals in each treatment 
group. *P, 0.05 versus saline; #P, 0.05 treatment and control Ad + Fab-9B9 versus treatment 


and AdBMPR2 + Fab-9B9. Taken from Reynolds et al.” 
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delivery. In the MCT-induced PAH a significant increase in TGF was noted, reflect- 
ing the inflammatory basis of the model. This was reduced with BMPR2 gene delivery 
(Figure 3). As had been seen for the hypoxia model, AdBMPR2? significantly reduced 
the RVSP, mPAP, and Fulton index and improved CO (Figure 4).!8 

In both models, immunohistochemical analysis of lung sections revealed reduced 
small vessel muscularization and reduced cellular proliferation in the AABMPR2myc- 
treated groups (not shown). 

Some of the downstream signaling mechanisms involved in the therapeutic effect 
of BMPR2 gene delivery have now been evaluated. The predominant finding has been 
a shift from TGFf-induced Smad 2/3 signaling in PAH, toward Smad 1/5/8 signaling 
with BMPR2 treatment (unpublished observations). 

These studies served to establish the rationale for further development of gene 
delivery, particularly with BMPR2, as a therapy for PAH. To enable this approach 
to achieve clinical translation, however, much more work is needed to optimize 
the gene delivery system. First generation vectors of the type used in these stud- 
ies are not ideal in view of the proinflammatory effects they may generate. That 
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Figure 4 Effect of AdBMPR2 administration on the development of pulmonary hypertension 
in response to MCT and chronic hypoxia. Right ventricular systolic pressure (RVSP) in MCT 
(A) and hypoxia (B); pulmonary vascular resistance index in MCT (C) and hypoxia (D); car- 
diac output in MCT (E) and hypoxia (F); and Fulton index—ratio of right ventricle to left 
ventricle + septum weight (RV/[LV +S]) in MCT (G) and hypoxia (H). Values are 

means + SEM. *P<0.05 versus control; *P <0.05 treatment + control Ad+Fab-9B9 versus 
treatment ++ AdBMPR2 + Fab—9B9. Number in parentheses refers to the number of measure- 
ments per group. Taken from Reynolds et al.’ 
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having been said, any such effect in this model clearly did not compromise the 
therapeutic benefit seen with BMPR2, even in the “inflammatory” MCT model. 
This finding suggests that later generation vectors, particularly helper-dependent 
Ads, may have even greater potential benefits, especially as they have been shown 
to achieve much longer duration of transgene expression than first generation Ads. 

In addition to redirecting Ad tropism, improved selectivity of gene expression can 
be achieved through the use of cell-specific promoters. Such an approach can reduce 
off-target effects as well as potentially enable greater duration of transgene expression 
due to the avoidance of promoter silencing that can occur with nonspecific promot- 
ers such as CMV. In the context of pulmonary vasculature a number of endothelial- 
specific promoters may be considered. The VEGF receptor promoter, fit-1 and Robo4 
are two such candidates. 

The potential utility of the flt-1 promoter was assessed in an in vitro an ex vivo 
context (human saphenous vein) and found to have good endothelial selectivity and 
to be capable of driving reporter gene expression with similar strength to the CMV 
promoter.!? The potential to combine transductional targeting using Fab-9B9 with 
transcriptional targeting using flt-1 was then assessed in vivo. A substantial improve- 
ment in overall selectivity for the pulmonary endothelial target was achieved with the 
combined approach (Figure 5). 
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Figure 5 Combined transductional and transcriptional targeting improves the specificity 
of transgene expression in vivo. Rats were injected (tail vein) with 5 x 10!° viral particles 
of AdCMVLuc or AdfitLuc, either alone (A,C) or in combination with the pulmonary 
endothelial targeting conjugate Fab—9B9 (B,D), and sacrificed 3 days later, and luciferase 
activity was quantified. Data are means + SD of 8—10 rats per group. Taken from 
Reynolds et al.?° 
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The above studies with early generation Ads provide a sound rationale to further 
develop and improve the vector technology. While the Fab—9B9 approach has estab- 
lished important principles, the heterogeneous nature of the chemically crosslinked 
conjugate produces a product that is not suitable for clinical translation. To address 
this limitation, a great deal of effort has been devoted to producing improved bispe- 
cific targeting conjugates of a defined molecular structure. One such approach is 
to produce recombinant bispecific molecules comprising soluble CAR (sCAR) as 
an Ad-binding motif linked to targeting moieties (such as recombinant ligands or 
single chain antibodies).2! This general approach is discussed in other chapters. As 
a proof of principle that this approach could work in vivo for pulmonary endothe- 
lial gene delivery, a novel model system was developed. A recombinant molecule 
was developed consisting of a fusion protein between sCAR and an anticarcinoem- 
bryonic antigen (CEA) single chain antibody (MFE). This targeting conjugate was 
shown to enhance Ad gene delivery to CEA-expressing cells in vitro. To assess 
in vivo utility, a transgenic mouse expressing human CAR (hCAR mouse”) was 
first injected intravenously with AACMVCEA to induce expression of CEA in the 
pulmonary vasculature. This was then followed by an injection of a luciferase 
reporter gene carrying Ad with either the sCAR—MFE fusion protein or a control 
fusion protein. A 10-fold increase in absolute luciferase expression was seen in the 
lungs of animals given sCAR—MFE versus control, along with a 10-fold increase 
in lung:liver ratio of luciferase expression.” These studies established the import- 
ant principle that sCAR fusion proteins retain their binding to Ad after systemic 
injection and thus are a potential platform for improved pulmonary endothelial 
gene delivery. A challenge remains to construct a suitable single chain antibody 
fusion protein for direct targeting to a native endothelial target. While attempts 
have been made using an anti-ACE single chain antibody as a logical extension 
of the Mab—9B9 work, a construct with adequate affinity for the target has not yet 
been achieved. 

While adapter molecules and conjugates have been established as having in vivo 
targeting utility, the complexities of the “two component” approach will complicate 
clinical translation. A single particle targeted vector is thus more appealing. To this 
end, a number of genetic modifications have been made to Ad coat proteins to directly 
incorporate targeting moieties, several of which have been assessed for pulmonary 
vascular gene delivery. 

A strategy to broaden Ad tropism, especially in the context of relatively “CAR- 
deficient” tumor cells, is to insert peptide targeting motifs into the knob domain, with 
the c-terminus and HI-loop being two sites that have been evaluated. In this regard, 
an RGD integrin binding motif was inserted into the HI loop, and CAR-independent 
gene transfer to a variety of cells was achieved.”* On systemic vascular administration, 
some differences were seen in the biodistribution of transgene expression in compar- 
ison to native vector, with significant absolute increases in gene expression seen in 
the lungs, as well as the spleen, kidney, and liver.” There was some increase in the 
relative expression in lung versus liver, but this construct cannot be considered to have 
significant pulmonary selectivity. 
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To achieve a vector with greater pulmonary transduction efficiency, more extensive 
engineering of Ad has been performed. Owing to structural constraints, only relatively 
short peptides can be successfully inserted into the native Ad knob domain, thus limiting 
the options available for high affinity targeting moieties such as single chain antibodies. 
To overcome this limitation, a strategy was devised to completely remove the Ad fiber 
protein and replace it with an alternative which would still form fibers but would be 
much more amenable to ligand insertion. This approach also ensured complete ablation 
of CAR binding, thereby helping to remove off-target transduction. To this end, the 
fibritin protein from phage T4 was used, and Ad vectors bearing these fibers were suc- 
cessfully constructed.” Using this platform an Ad vector was constructed incorporating 
CD40 ligand at the end of the fibritin fiber (AdSLuc.FF/CD40L), for the purposes of 
improving transduction of dendritic cells in the context of genetic vaccines.”’ To estab- 
lish whether this type of construct might have in vivo targeting potential, an approach 
using the hCAR mouse was again employed. In this case an Ad vector carrying the gene 
for CD40 was first used to achieve pulmonary endothelial CD40 expression. This was 
followed by injection of AdSluc.FF/CD40. A substantial increase in luciferase trans- 
gene expression was seen in the lungs of mice expressing endothelial CD40, thereby 
indicating the systemic targeting capacity of the fibritin construct (Figure 6).?8 

To develop a vector of utility for direct pulmonary transduction the fibritin platform 
was then used as a basis for a construct incorporating a novel targeting peptide that 
proved to have excellent pulmonary targeting potential. In the first instance a strategy 
was employed to define a peptide motif that had good binding ability for myeloid 
cells.” First, a loop-constrained random heptapeptide phage display library was 
panned over murine bone marrow cells. Eventually, a peptide, WTLDRGY, (myelin 
binding peptide, MBP) was defined. This peptide was then genetically incorporated 
into the fiber—fibritin platform, and a stable vector was produced, Ad.MBP. In vitro, 
good transduction to myeloid cells was achieved. 

When the gene delivery properties of Ad. MBP were assessed after systemic vascu- 
lar administration a remarkable degree of pulmonary selectivity was noted. Reporter 
gene expression levels in the lung (per mg protein) were 3—4 logs higher than those 
in liver, spleen, heart, or kidney. Detailed analysis revealed that the vector was actu- 
ally binding to myeloid cells in the circulation, but then pulmonary endothelial gene 
delivery (confirmed by immunohistochemistry) was achieved by a “handover” phe- 
nomenon.*° The remarkable degree of pulmonary endothelial selectivity achieved may 
prove to be an ideal platform for the further development of BMPR2 gene therapy for 
PAH, as well as other possible conditions. 

In summary, it has now been clearly shown that adenoviral vectors can achieve 
therapeutic outcomes in models of pulmonary vascular disease. New advances in vec- 
tor technology as discussed herein provide the potential to achieve very high levels 
of pulmonary-specific gene expression. These platforms will be useful not only for 
PAH but also for other conditions where loco-regional high-level expression can be 
predicted to be advantageous, for example, in the context of passive antibody protec- 
tion against respiratory pathogens, and for expression of other extracellar therapeutic 
proteins such as alpha-1 anti-trypsin in emphysema. 


672 Adenoviral Vectors for Gene Therapy 





Eung 
Oliver 


RLU/mg protein 





9 AdfitCEA AdflthCD40 
(n=5) (n=5) 
(B) 5 
* 
8 8 
7 
2 6 
E es 
= 5 
g fe) 
> 4 
33] , o 
£ 8 
tq = 
O 
AdfitCEA — AdflthCD40 
(n=5) (n=5) 


Figure 6 In vivo function of Ad5Luc.FF/CD40L in CD40 transient transgenic hCAR mice. 
hCAR mice were injected with 1.0x 10!! vp of AdfithCD40 or AdfitCEA via the tail vein, 
followed by injection with 7.0 x 10! vp of AdSLuc.FF/CD40L via the tail vein 48h later. 
Seventy-two hours after injection with AdSLuc.FF/CD40L, the mice were sacrificed. (A) Lung 
and liver luciferase activities 72h after intravenous administration of AdSLuc.FF/CD40L into 
AdfithCD40- and AdfltCEA-injected mice (means + standard deviations, RLU/mg protein, 
n=5). Data are presented as means + standard deviation of five mice per group (*P<0.02). 

(B) Lung-to-liver ratios of luciferase activities in each mouse. Bars indicate the mean in each 
group (*P<0.01). Taken from Izumi et al.?8 
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1. Adenoviral Vectors for Infectious Disease 


Recombinant adenoviral vectors for infectious diseases can generally be categorized 
into three general approaches. The first is the use of a vector-based vaccine where 
the vector encodes for proteins to achieve an immune response. In fact adenoviruses 
have been used in the US military for vaccines.! The second approach is to use ade- 
noviral vectors, which encode immunostimulatory genes to achieve in vivo immu- 
notherapy. Lastly, these vectors can be used to provide critical accessory molecules 
for T- or B-cell activation for patients who are deficient in these molecules, or the- 
oretically direct anti-infectious genes such as antibacterial peptides. These general 
paradigms hold true for most gene therapy approaches with adenoviral-based vector 
systems regardless if the targets are infectious disease, an inherited deficiency state, 
or cancer. In this chapter we will focus on these paradigms in the context of specific 
disease entities that may be candidates for treatment with adenovirus-based vector 
systems. 


1.1 Tuberculosis 


Mycobacterium tuberculosis, the etiologic agent of tuberculosis, is a facultative intra- 
cellular pathogen which remains the foremost cause of death from a single infectious 
agent among adults.” It has been estimated that approximately one-third of the world’s 
population in 1990 (1.7 billion individuals) were infected with M. tuberculosis affect- 
ing mostly people living in developing countries, and that with the global control mea- 
sures in place at that time, 30 million people were expected to die due to tuberculosis 
by the year 2000.” The most effective vaccine against tuberculosis in man is the BCG 
vaccine, an attenuated substrain of Mycobacterium bovis, which has been used for 
more than 50 years worldwide. However, this vaccine is very erratic in conferring pro- 
tection, varying as much as 0-80% in separate clinical trials.’ In countries with a lower 
incidence of tuberculosis, such as the United States, the emergence of multidrug- 
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resistant strains threatens control measures with antimycobacterial drugs. It is apparent 
that current immunotherapeutic and chemotherapeutic approaches for the control of 
tuberculosis need to be improved. 

After inhalation, the organism replicates within the lung macrophage. The protective 
response to infection with intracellular bacteria is cell mediated.* Protective immunity 
in the mouse model of tuberculosis is mediated by T lymphocytes that secrete inter- 
feron-y (IFN-y), which activates infected macrophages to control intracellular bacilli 
in a manner believed to be similar to the protective response in man. Several subpopu- 
lations of T lymphocytes contribute to the protective response in the lungs of infected 
mice. Most of this protection is conferred by a short-lived population of rapidly divid- 
ing, IFN-y-secreting CD4* T lymphocytes® which peak within 3 weeks of infection, a 
time which correlates with the control of further Mycobacterial growth in the host.” 

The pivotal role of IFN-y in protective immunity to M. tuberculosis was unequiv- 
ocally demonstrated using IFN-y KO mice. The single gene encoding IFN-y was dis- 
rupted, and these mice were originally shown to (1) be incapable of IFN-y production, 
(2) poorly express class I MHC, (3) be deficient in the production of reactive oxygen 
and reactive nitrogen radicals, and (4) be very susceptible to Mycobacterium bovis 
BCG.’ IFN-y KO mice succumbed to infection with M. tuberculosis fairly rapidly 
whether the virulent bacilli were delivered intravenously at moderate? to high doses!° 
or via a low-dose aerosol.’ There is also an absolute requirement for interleukin (IL)- 
12 in the protective response against TB. This has been demonstrated using IL-12p40 
KO mice. These mice do not produce the heavy chain of the IL-12 heterodimer and 
therefore do not make the bioactive p70 form of IL-12, which results in a poor cell-me- 
diated response to antigen.'! Recently, it was shown that IL-12p40 KO succumbed to 
an intravenous infection with M. tuberculosis within 50days.'* Whereas wild-type 
controls contained the infection and strongly expressed genes encoding IFN-y, tumor 
necrosis factor (TNF), and inducible nitric oxide synthase (iNOS) in infected tissues, 
these KO mice produced no IFN-y message and delayed TNF and iNOS message. 

As protective cytokines, which play a pivotal role in protection against tuberculo- 
sis, IFN-y and IL-12 represent attractive targets for cytokine-based therapy approaches 
designed to enhance protective cell-mediated immunity.!> Recently, a replication- 
deficient adenoviral vector designed to deliver IFN-y (AdIFN) was delivered intra- 
tracheally into the lungs of BALB/c mice, which were subsequently challenged, with 
a sublethal aerosol of M. tuberculosis. Prior pharmacokinetic analyses of adenovi- 
ral-mediated expression of IFN-y in BALB/c mice had indicated that transfected mice 
expressed increased IFN-y in the lungs for as long as 21 days following delivery of the 
vector. Other mice were transfected with a control virus-expressing lacZ (AdLacZ) 
shortly before the low-dose aerosol exposure to M. tuberculosis. AdIFN-treated mice 
initially contained the infection in the lungs much better than the control nontrans- 
fected mice or AdLacZ-treated mice (Fig. 1). The protective effect in the lungs paral- 
leled the local production of IFN-y by the vector and thus, was relatively short-lived, 
such that the load of viable bacilli in AdIFN-y-treated lungs reached levels similar 
to the controls by 30days of infection. There was no protective effect on the con- 
trol of Mycobacterial dissemination or growth in other primary target organs. Simi- 
lar AdIFN-y-mediated control of bacterial growth in the lungs was not seen in mice, 
which already had established chronic M. tuberculosis infection. 


Utility of Adenoviral Vectors in Animal Models of Human Disease III 677 





















































6 7] csu 46 

5 BB AciF-n 
= ZJ AdLacZ 
£4 E ac. 
> 
i 3 
82 

1 j * p< 0.05 

0 1E E E 

0 7 16 21 30 45 
Days 


Figure 1 AdIFN reduces growth of Mycobacterium tuberculosis in the lung. Mice were pre- 
treated with AdIFN, AdLacZ, or vehicle and then challenged with CSU 46, a clinical isolate of 
M. tuberculosis and lung organism burden was quantified by quantitative organ culture serially 
after aerosol challenge. 

Data provided by Dr Elizabeth Rhoades and Dr Ian Orme, Colorado State University. 


Based on these preclinical data, several clinical trials have been initiated for both 
multidrug-resistant M. tuberculosis and persistent Mycobacteria avium complex 
(MAC) infection in non-HIV-infected hosts. Williams and colleagues, from our group, 
recently reported on a Phase I trial of aerosolized IFN-y to patients with persistent 
MAC infection. '* All patients tolerated the aerosol well and 3 of 8 had sputum acid-fast 
bacilli (AFB) smears convert to negative. Condos and colleagues have recently reported 
on five patients in New York City with multidrug-resistant tuberculosis who received 
500 ug of IFN-y aerosolized three times a week for 1 month.!> Again the aerosol form 
of the drug was well-tolerated and all patients had sputum smears for AFB convert to 
negative and the time to positive culture increased (from 17 to 24 days, not significant) 
suggesting a reduction in organism burden. Moreover, patient’s weight increased or sta- 
bilized, and there were objective decreases in the size of cavitary lesions in all patients, 
2 months after treatment had ended. It is important to note that data to date suggest 
that IFN whether in protein or vector form needs to be provided for a relatively long 
time to control M. tuberculosis growth. Thus, it is possible that newer generations of 
adenoviral-based or other vector systems may achieve longer-term control of infection. 


1.2 Pneumonia 


Pneumonia and influenza infection remains the sixth leading cause of death in the 
United States.'° Drug-resistant organisms are increasingly isolated from infected 
patients presumably due to the broad use of antibiotics. As mentioned above several 
biological response modifiers such as granulocyte colony-stimulating factor (G-CSF) 
and IFN-y have been investigated in patients as protein-based therapies. However, due 
to pharmacological advantages of adenovirus and other gene-based vector systems, 
gene therapy may provide an alternative approach for in vivo immunomodulation. 
Adenoviral-mediated gene transfer of the murine IFN gene (AdIFN) results in 
dose-dependent increases in IFN in bronchoalveolar lavage fluid (BALF) in both 


678 Adenoviral Vectors for Gene Therapy 








PBS 
-| 10(7) AdIFN 
10(8) AdIFN 
HB 10(9) AdiFN 
= 10(9)AdCMVLuc 





















ng/ml TNF/10(6) cells 
oa 


* p< 0.05 





Figure 2 Dose-dependent increase of LPS-induced lung TNF production by AdIFN. 6—8-week- 
old BALB/c mice were pretreated with AdIFN, AdACMVLuc, or PBS 3 days prior to adminis- 
tration of intratracheal LPS. TNF was measured in bronchoalveolar lavage (BAL) fluid 3h after 
LPS administration by ELISA and corrected for macrophage cell number in the BAL fluid. 


mice and rats.!’ Recombinant protein expression occurs up to 28 days in Sprague- 
Dawley rats and up to 21 days in Balb/c mice!’ Expression of IFN has a biological 
effect for at least 14days in the lung as class II MHC is significantly upregulated 
in lavaged alveolar macrophages, over this time.!” Moreover, although AdIFN does 
not result in spontaneous release of TNF in the lung, a subsequent challenge with 
intratracheal endotoxin results in a greater than fivefold increase in peak TNF lev- 
els in BALF in AdIFN-transduced animals compared to control animals (Fig. 2(A)). 
This enhanced TNF response is associated with increased neutrophil recruitment!’ 
and increased clearance of Pseudomonas aeruginosa (PA) up to 14days after gene 
transfer.'’ Although the high levels of both IFN and TNF in the BALF were quite high, 
these cytokines were confined to the lung and remained essentially undetectable in the 
plasma (data not shown). Thus, these compartmentalized effects may offer cytokine 
gene transfer and advantage over systemically delivered proteins-based therapies. 

Alcohol abuse is a risk factor for bacterial pneumonia! as well as acute lung 
injury.'° Alcohol intoxication increases the risk of aspiration and suppresses macro- 
phage free-radical protection and bacterial killing.”°?! Moreover, alcohol can suppress 
the elaboration of alarm cytokines such as TNF.” Alcohol-induced suppression 
of TNF production by macrophages can be reversed by IFN in vitro. To investigate 
whether IFN gene therapy could augment TNF and bacterial host defense in vivo, 
we administered AdIFN intratracheally to rats followed 3 days later with an acutely 
intoxicating dose of ethanol (5.5 gm/kg intraperitoneal). Thirty minutes later animals 
were challenged intratracheally with endotoxin (LPS) or live Klebsiella pneumoniae 
to measure LPS-induced TNF response and lung neutrophil recruitment or bacterial 
clearance of K. pneumoniae respectively. This dose of alcohol has previously been 
shown by our group to suppress LPS-induced lung macrophage production of TNF. 
AdIFN pretreatment prevented alcohol-induced TNF suppression as well as lung neu- 
trophil recruitment (Figs 3(A) and (B)). Moreover, we observed a significant increase 
in lung bacterial clearance of K. pneumoniae (Fig. 3(C)).”* 
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Figure 3 Enhancement of pulmonary host defense in an acute model of ethanol (ETOH) 
intoxication. Male Sprague-Dawley rats were treated with 10° pfu of AdIFN or AdLUC as a 
control. Three days later rats were treated with intratracheal LPS or live Klebsiella pneumo- 
niae. Animals receiving LPS were sacrificed 3h later to determine cell migration into or TNF 
concentration in the BAL fluid. Rats receiving K. pneumoniae were sacrificed immediately 

or 4h after bacterial inoculation to determine bacterial clearance. Panel A: AdIFN reverses 
ETOH-induced suppression of lung neutrophil migration after LPS. Panel B: AdIFN enhances 
lung TNF release into BAL fluid after LPS in control and ETOH-treated animals. Panel C: 
AdIFN improves lung clearance of K. pneumoniae in a ETOH-treated rat model. 
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Standiford and colleagues have shown that adenoviral gene transfer of functional 
IL-12”> produces the p70 heterodimer of IL-12 in the lung lavage fluid in a dose- 
dependent fashion for up to 7 days.”° Mice pretreated with this vector, then challenged 
with 3x 10? K. pneumoniae, had significantly improved survival, compared to AdC- 
MVLacZ-treated or untreated controls.” The beneficial effect of IL-12 overexpres- 
sion was mediated by both TNF-a and IFN-y, as survival in AdSIL-12-treated mice 
was attenuated by concomitant neutralization of endogenous TNF or IFN-y.2° This 
same group demonstrated the feasibility of using TNF-a, a critical proinflammatory 
cytokine in lung host defenses,”’?8 for in vivo immunomodulation of pulmonary host 
defense. To overexpress TNF compartmentally in the lung a recombinant adenovirus 
expressing TNF (AdmTNF) has been reported.” Concomitant bacterial challenge with 
K. pneumoniae and low-dose AdmTNF (108 pfu) resulted in improved host defenses 
against the organism. However, a higher dose of vector (5x 108 pfu) was not benefi- 
cial in terms of bacterial clearance. Thus, understanding dose-response relationships 
in gene-based immunotherapies will be critical for this form of treatment to have an 
impact in clinical infections. 

Crystal and colleagues have used an adenoviral vector encoding CD40 ligand 
(AdCD40L) in a vaccine approach to protect against PA lung infection.*? CD40L 
is expressed on activated T cells and allows dendritic cells, which are specialized 
antigen-presenting cells, to interact directly with either CD8* cytotoxic T cells?! 
and B cells.* By transfecting DC, with AdCD40L, Kikuchi and colleagues demon- 
strated that gene-modified DC pulsed with PA could stimulate naive B cells to produce 
anti-PA antibodies. Moreover, if these pulsed, gene-modified DCs were administered 
in vivo, that an in vivo anti-PA response was achieved which protected the vaccinated 
mice against a subsequent challenge with PA.*° To support the fact that B cells were 
critical to this response, both passive transfer of serum or B cells form vaccinated mice 
conferred protection to naive mice subsequently challenged with PA. 


1.3 Opportunistic Infections 


In addition to its known effects on upregulating macrophage function and innate host 
defenses, IFN-y is also the prototypic TH1 cytokine that facilitates THO CD4* T-cell 
differentiation into TH1-expressing CD4* T cells.** Moreover, IFN can also modulate 
the cytokine expression of CD8* T cells to a Tcl phenotype.*>° As IFN is produced 
by activated CD4* T cells, a lack of IFN secretion could partly explain the pulmonary 
host defense defect associated with HIV infection. Among HIV-associated opportu- 
nistic infections, Pneumocystis carinii pneumonia remains a persistent complication 
of HIV infection. There is an inverse relationship between CD4+ T-cell count and 
acquisition of this infection. Furthermore, IFN-y, in the form of recombinant protein 
given as an aerosol, has been shown to reduce the intensity of P. carinii infection in 
a mouse model.*” Based on these data, our laboratory investigated whether adeno- 
viral-mediated gene transfer of IFN-y to the lung would have a therapeutic effect in 
a mouse model of P. carinii pneumonia. To test this concept with gene delivery, we 
used the AdIFN model, which results in prolonged expression of IFN in the lungs of 
mice depleted of CD4* T cells.°8 AdIFN-transduced or control (AdLuc) animals were 
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challenged with 2x 10° P. carinii cysts and sacrificed at serial time points. There was 
similar growth of P. carinii in both AdIFN and control animals for the first 2 weeks 
of the infection. However, after this time point AdIFN-treated mice showed resolu- 
tion of the infection over 4—6 weeks in spite of continued depletion of CD4* T cells 
(Fig. 4(A)). AdIFN-treated mice recruited greater numbers of T cells, which were 
largely CD8* cells.°* There was also a significant increase in recruited NK cells in 
the AdIFN-treated mice.** AdIFN was ineffective in improving P. carinii infection in 
both scid mice (which have intact macrophages and NK cells) or in mice depleted of 
both CD4* and CD8* T cells, suggesting that CD8* T cells are required for the clear- 
ance effect imparted by AdIFN treatment. In further support of CD8+ T cells having 
effector function is the fact that there is a greater precursor frequency of IFN-produc- 
ing CD8* T-cell clones in AdIFN-treated mice as measured by Elispot (Fig. 4(B)). 
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Figure 4 Interferron (IFN)-mediated clearance of Pneumocystis carinii in CD4 T-cell-de- 
pleted mice. Panel A: Pretreatment with AdIFN resulted in significant clearance of P. carinii 
by 28 weeks. Panel B: Specific modulation of CD8 phenotype by AdIFN. Lung CD8 cells 
form AdIFN-treated mice show a significant higher precursor frequency of IFN-producing 
clones, as measured by Elispot, compared to AdLUC controls. 
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Understanding effector function of CD8* T cells in the context of P. carinii infection 
may have a significant impact in future therapies designed to support HIV-infected 
individuals against opportunistic infections. 


1.4 Viral Hepatitis 


Both hepatitis B and hepatitis C are important causes of chronic hepatitis and hep- 
atitis B has been linked to hepatocellular cancer. Hepatitis C virus (HCV), is a pos- 
itive-strand RNA virus, and is the major infectious agent responsible for causing 
chronic hepatitis. Presently, there is no vaccine for HCV infection. There have been 
recent advances in drug therapy for this disease using a combination of ribavirin with 
IFN-a,*? however, there is still need for improved sustained therapy. Lieber and col- 
leagues have demonstrated that adenoviral-mediated gene transfer of hammerhead 
ribozymes directed against a conserved region of the plus strand and minus strand 
of the HCV genome was efficient at reducing or eliminating the respective plus- or 
minus-strand HCV RNAs expressed in cultured cells and from primary human hepato- 
cytes obtained from chronic HCV-infected patients. 

Another therapeutic approach has been locally to upregulate innate antiviral immu- 
nity. Toward this end Aurisicchio and colleagues demonstrated that adenoviral-mediated 
gene transfer of the IFN-a2 under the control of a liver-specific promoter protected 
mice for a challenge with mouse hepatitis virus type 3.*° Lastly, another approach has 
been to construct dominant negative core mutants of hepatitis B and when these are 
expressed in hepatocytes cell lines in the context of a recombinant adenoviral vector, 
these molecules were capable of significantly suppressing viral replication.*! 


2. Chronic Inflammatory Diseases 
2.1 Inflammatory Bowel Disease 


The gut has been proposed as a target for gene delivery for a variety of diseases includ- 
ing both metabolic diseases and primary diseases affecting the intestine including the 
inflammatory bowel diseases, Chron’s disease, and ulcerative colitis.*2*3 Toward this 
end Hogaboam and colleagues have shown that intraperitoneal delivery of adenovi- 
rus-encoding IL-4 (AdIL-4), a prototypic TH2 cytokine, attenuates colitis induced 
by trinitrobenzene sulfonic acid (TNB).** TNB-induced colitis is associated with an 
acute phase followed by an immunologically mediated phase, which is thought to be 
hapten-induced.*> The attenuation as a result of AdIL-4 in colitis was associated with 
a reduction in colonic IFN levels and less induction of iNOS.** The same group has 
shown similar data for another TH2 cytokine, IL-10 in a similar model of colitis.*° 
Adenovirus IL-10 treatment was again done by the intraperitoneal route and asso- 
ciated with a significant reduction in colonic myeloperoxidase activity and leukot- 
riene four levels, both markers of acute inflammation. What remains unclear from 
these studies is whether T-cell activation is modified and whether there is protection 
against a second bout of colitis. Lastly, the intraperitoneal approach is essentially a 
systemic form of therapy since IL-4 and IL-10 can be detected in the serum of these 
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mice. Since the gut can be transduced directly with adenovirus vectors, this raises the 
possibility that local administration of vectors to inflamed intestine could be used to 
compartmentally upregulate an immunomodulatory gene that would prevent or atten- 
uate existing colitis. 

Toward this end, Wirtz and colleagues have investigated adenovirus-mediated gene 
transfer to the inflamed colon using intrarectal administration of Ad5-based vectors. 
These investigators observed significant gene transfer to colonic epithelium, whereas 
no colonic gene transfer was observed then the vector was given systemically (intrave- 
nously or intraperitoneally). Moreover, gene transfer was enhanced in the setting of TNB- 
induced inflammation. Lastly, the investigators investigated an Ad5-based vector with 
a lysine repeat engineered in the fiber gene, the protein responsible for initial interac- 
tions with the coxsackie—adenovirus receptor. With this genetically modified vector, the 
investigators observed enhanced gene transfer to cells in the lamina propria and spleen, 
suggesting that antigen-specific T cells could be modified with this vector approach. 


2.2 Arthritis 


Like inflammatory bowel disease, rheumatoid arthritis (RA) is thought to be domi- 
nated by TH1-like inflammation (Fig. 5).47“8 Among chronic inflammatory diseases, 
more has been published on gene therapy for arthritis than any other disease. This 
is likely due to the fact that (1) it is a common disease entity, (2) current treatment, 
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Figure 5 Schematic scheme of the pathogenesis of rheumatoid arthritis. 
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although effective in many cases, can be improved upon, (3) readily accessible site for 
gene transfer, and (4) relevant clinical models of the disease, particularly RA, and (5) 
gene transfer can be accomplished locally to the synovial lining cells using adenovi- 
rus-based vectors.*? The pathogenesis of RA is complex but data to date suggest there 
exist alloreactive T cells that secrete TH1-like cytokines such as TNF-a, TNF-f, IL-2, 
and IFN, which drives inflammation. Accessory cells can also secrete TNF and IL-1, 
and IL-18 which are also proinflammatory and can drive TH! inflammation. This 
leads to an inflammatory synovial pannus, which mediates destruction of cartilage and 
joint erosion, which results in loss of joint function over time. A novel T-cell-derived 
cytokine, IL-17, has also been implicated in the pathogenesis of RA.50 

Since TH1 inflammation can be downregulated by TH2 cytokines, such as IL-4 
or IL-10, these cytokines have been investigated as candidate genes to modify RA 
inflammation. Woods and colleagues investigated adenoviral-mediated gene transfer 
of the human IL-4 gene into synovial explants from RA patients and demonstrated 
a significant reduction in IL-18, TNF-a, and IL-8 elaboration in the explant cul- 
tures treated with AdIL-4.°! In follow-up to this work, the same group demonstrated 
in vivo efficacy of intra-articular AdIL-4 treatment in adjuvant-induced arthritis in a 
rat model.° Of note was that AdIL-4 was effective in both a pretreatment and post- 
treatment paradigm.” Similar to the in vitro findings in human explants, the in vivo 
treatment with AdIL-4 in the rat model was associated with lower TNF-a and IL-16 
levels.5? Lubberts and colleagues have also shown efficacy of AdIL-4 in a murine 
model of collagen-induced arthritis (CIA).°>* Interestingly in these studies, IL-4 had 
less effect on the joint inflammation than it appeared to have on preservation of car- 
tilage and in preventing bone erosion.> These latter effects were associated with a 
reduction of mRNAs for IL-17, TNF, and IL-1, as well as a decrease in metallopro- 
teinase activity.">54 These investigators also demonstrated that IL-4 can increase type 
I procollagen synthesis and thus this may explain the joint sparing/repair effect of 
IL-4.> Lastly, Kim and colleagues demonstrated that both periarticular and systemic 
AdIL-4 was effective in a model of CIA.>° 

Whalen and colleagues have investigated another TH2 cytokine, viral IL-10, 
encoded by a adenoviral vector (AdvIL-10) given by periarticular injection in the 
same model of CIA and found significant benefit in terms of development of arthritis 
and arthritis score. Moreover, the investigators showed that the injection of AdvIL-10 
into one joint prevented arthritis in a second joint.°° This may be due to in vivo T-cell 
immunomodulation by viral IL-10. In further support of a role for TH2 cytokine gene 
therapy in RA, Woods and colleagues have recently demonstrated that adenovirus- 
mediated gene transfer of IL-13, another TH2 cytokine, also suppresses TNF and 
IL-1 production in RA explant cultures.>’ 

In addition to the TH2 cytokine approach, the other approach of adenoviral gene 
transfer for arthritis has largely focused on the proinflammatory cytokines TNF-a and 
IL-1. Toward this end, our laboratory has created soluble type-1 receptors for both 
IL-1>8 and TNF-a? (Fig. 6). Both these molecules are dimerized by the addition of 
murine IgG Fc fragment and in the case of the TNF inhibitor, this molecule has been 
found to be more potent in TNF inhibition than monoclonal antibodies that only bind 
to one epitope.® Moreover, the proteins have longer half-lives in vivo compared to the 
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Figure 6 Schematic diagram of tumor necrosis factor and interlukin-1 (IL-1) receptor fusion 
proteins utilized in arthritis gene therapy. 


monomeric soluble receptors.” Adenoviral-mediated gene transfer of either of these 
constructs into the joint space in a rabbit model of arthritis showed less white blood 
cell infiltration as well as less joint swelling. However, the IL-1 inhibitor showed a 
better effect in preventing a reduction in cartilage matrix degradation. Moreover, the 
two vectors together appeared to have an additive effect on white blood cell infiltra- 
tion into the joint space. There was also an effect observed on contralateral joints in 
this study.°® Le and colleagues also demonstrated efficacy of the TNF inhibitor gene 
in a rat model of CIA.°! Interestingly, Quattrocchi have reported in a mouse model 
of CIA that there is an acute beneficial effect of the TNF inhibitor fusion protein, 
however there is a subsequent rebound with enhanced inflammation despite continued 
circulating levels of the TNF inhibitor. The investigators speculated that this may be 
due to antibody formation against the extracellular domain of the receptor that the 
cross-linked endogenous TNF receptors in the joint.°? It is important to note that these 
studies were performed with a chimeric fusion protein (mouse Fc/human p55 TNF 
receptor) and thus whether the exacerbation of arthritis would be seen with the mouse 
p55 TNF receptor remains to be seen. Lastly, Zhang and colleagues have shown 
that adenoviral-mediated gene transfer of a dominant negative form of inhibitory 
kappa-B which facilitates nuclear translocation of nuclear factor-kappa-B enhanced 
TNF-mediated apoptosis in synovial tissue.® 


2.3 Fibrotic Lung Disease 


Idiopathic pulmonary fibrosis (IPF) is an insidious disorder that results in the deposi- 
tion of collagen and fibrous tissue in the lung. The etiology of this disorder is unknown 
but several groups have reported decreased fibrinolytic activity®* and elevated tissue 
growth factor-beta-1 expression®-®” in the lungs of patients with IPF. Moreover, IFN- 
y has been shown in a pilot study to improve lung function in patients with IPF and 
this impairment was associated with a decreased levels of messenger RNA for trans- 
forming growth factor-beta-1 (TGF-ß1) and connective tissue growth factor, the main 
growth factor product of TGF-f stimulation.®’ To date this is the first compound to 
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show improvement in lung function. Many trials have been performed with corticoste- 
roids (prednisone) alone or in combination with cyclophosphamide.®* However, these 
agents have not been shown to be effective in preserving lung function in randomized 
clinical trials, and moreover, their use is associated with significant side effects. Since 
IPF is associated with dysregulated growth factor gene expression, and a lack of defin- 
itive therapy, there is a rationale for gene therapy. 

Simon and colleagues recently reported on enhancing fibrinolytic activity in the 
lung in an effort to ameliorate lung fibrotic injury in response to bleomycin, a che- 
motherapeutic agent that can cause lung fibrosis.® These investigators constructed a 
recombinant adenovirus-encoding urokinase-type plasminogen activator (AduPA), a 
fibrinolytic activator protein. When expressed in the lung, AduPA resulted in a signifi- 
cant attenuation of bleomycin-induced increases in hydroxyproline content, a measure 
of collagen deposition.®? Furthermore, Nakao and colleagues have shown that adeno- 
virus-mediated gene transfer of smad7, a downstream inhibitor of TGF-f signaling 
could also block bleomycin-induced fibrosis.’° This finding was specific to smad7 and 
not to smad6, which does not inhibit TGF-f signaling and thus the data suggest that 
the effect is through the downregulation of TGF-f signaling. Thus, other molecules 
such as dominant negatives or soluble receptors for TGF-B may also be good candi- 
date constructs for pulmonary fibrosis. 

In addition to TGF-f, other proinflammatory cytokines such as IL-1 and TNF have 
been implicated in pulmonary fibrosis.”! Our lab reported several years ago on a sol- 
uble inhibitor of TNF that consists of the extracellular domain of the human p55 TNF 
receptor coupled to the murine CH2 and CH3 domains of mouse IgG1 (Fig. 6).°° This 
molecule forms as a dimer and is a potent inhibitor of TNF.°° When expressed in the 
context of a recombinant adenovirus, after intravenous administration, the construct 
results in high circulating levels of TNF inhibitory activity.°? In fact these mice provide 
a phenocopy of p55 TNF receptor knockout mice, in that they are resistant to mortality 
induced by endotoxin and p-galactosamine administration, however, they are suscep- 
tible to the intracellular pathogen Listeria monocytogenes.” However, this molecule 
also readily crosses into the lung’? and inhibits TNF activity in this compartment. 
Moreover, this construct, by virtue of it’s ability to inhibit TNF in the lung (after sys- 
temic vector administration), attenuates the fibrotic response to intratracheal silica.” 


3. Conclusions 


There are numerous acquired diseases in which adenoviral-mediated gene transfer 
has shown in proof-of-principle experiments a therapeutic benefit. The challenges for 
researchers in the field are to take these data and try to develop safe and effective ther- 
apies for these diseases. Toward this end, there will need to be advances in targeted 
vector therapy and regulated gene expression. One area, which may yield promising 
results in the near future, is in adenovirus-based vaccines either into somatic cells or 
professional antigen-presenting cells such as dendritic cells or in compartmentalized 
chronic inflammation such as arthritis. In this case, precise gene expression is less 
likely and thus, there are less technological hurdles to overcome. 
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1. Introduction 


Cardiovascular gene therapy can be used to grow neovessels into ischemic tissues, 
reduce neointimal hyperplasia, improve cardiomyocyte function, and treat hyperten- 
sion and dyslipidemias. Human adenovirus (Ad) serotypes 2 and 5 are commonly 
used vectors in clinical trials because of their high gene transfer efficiency, ease of 
production, and well-known virus-—cell biology. Adenovirus vectors can be adminis- 
trated to tissues via intramyocardial and intramuscular injections, coronary infusion, 
and pericardial or systemic delivery. Delivery method, serotype, and vector dosage 
are critical determinants of the therapeutic outcome. Animal models for cardiovas- 
cular diseases (CVDs) are essential to develop new therapeutic strategies. Increased 
understanding of the pathogenesis of CVDs enables identification of novel molecular 
targets for therapy. In the following chapter, methods and animal models used for 
gene therapy of CVDs are described in the context of Ad vector—mediated transgene 
delivery. Administration of vectors, barriers of Ad transduction, and vector retargeting 
are discussed. 


2. Adenoviral Vectors for Cardiovascular Gene Therapy 
2.1 Barriers in Vascular Gene Transfer 


Human Ads are the most commonly used vectors in gene therapy clinical trials (y. 2015, 
22.5%; n=496) (http://www.abedia.com/wiley/vectors.php) owing to their high 
transduction efficiency, ease of production in good manufacturing practice quality, 
and well-known virus—cell interactions. To date, mainly human Ad serotypes 2 and 
5, belonging to the subgroup C of Adenoviridae, have been used in clinical trials. 
Although systemic delivery restricts Ad-mediated gene transfer owing to various inter- 
actions of the vector with cellular factors/circulating blood components, localized Ad 
vector delivery, e.g., via intramyocardial and intramuscular injections, has shown great 
promise in treating CVDs. 
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Human Ads are nonenveloped, icosahedral (90nm), double-stranded deoxyri- 
bonucleic acid (dsDNA) viruses that have more than 60 identified serotypes. Wild- 
type infections of Ads cause mild respiratory tract infections, but depending on the 
serotype, they can also result in conjunctivitis, gastroenteritis, and myocarditis. 
Coxsackievirus and adenovirus receptor (CAR), the primary receptor for subgroup C 
Ads, including Ad2 and Ad5 serotypes, is expressed in heart, pancreas, and intestine, 
and in lower levels in lung and liver.! Among cardiovascular cell types, low levels of 
CAR expression can be found from endothelial cells, smooth muscle cells (SMCs), 
mature myofibers, and intact human vessels, whereas high expression levels have been 
found from cardiomyocytes.?~+ Adenoviruses have shown to transduce endothelial cells 
after administration of the vectors to vessel segments of peripheral or carotid artery and 
jugular vein.^ Medial SMCs can be transduced after endothelial denudation.° High 
gene transfer efficiencies have also been obtained in cardiomyocytes after coronary 
perfusion or intramyocardial injection.*!° 

CAR is involved in the formation of cell-cell junctions in epithelial cells and 
belongs to the immunoglobulin superfamily. CAR binds to fiber knob of Ad vector, 
followed by interaction of RGD motif in penton base and avB3 and avf5 integrins.!! 
Also, heparan sulfate proteoglycans (HSPGs) and avf1 integrins may act as co-re- 
ceptors in some cell types.!>!3 As with many other viruses, respiratory, digestive, and 
ocular tracts are the main portals for Ad entry. In respiratory tract, macrophages are 
suggested to engulf Ad, triggering release of chemokines and cytokines that further 
remodel cell-cell junctions and enable passage of macrophages across the airway 
epithelium. This enables transport of CAR and integrins from basolateral to apical 
cell side and Ad infection via the CAR-mediated pathway.'* Adhesion of neutrophils 
to airway epithelium can also facilitate Ad entry.!> In vitro, Ad is taken up into cells 
by clathrin-mediated endocytosis. Other uptake mechanism, macropinocytosis also 
have been suggested.!°!’ Uncoating of Ad capsid occurs as it is transported from 
the cell membrane to the nucleus. Initially uncoating was suggested to occur pH-de- 
pendently in the endosomes. However, data suggest that Ad fiber shedding and expo- 
sure of the lytic viral protein initiate at the cell membrane induced by CAR drifting 
motions and binding of Ad to immobile integrins.'* After endosomal escape, Ad is 
transported to nuclear pores by microtubules via interaction of Ad hexon protein and 
dynein intermediate light chain.!° pH-induced conformational changes in the hyper- 
variable region (HVR1) of the hexon protein lead to initial recruitment of dynein.2°! 
After docking to the nuclear pore, kinesin-1 mediates disassembly of the virus capsid 
by interacting with nucleoporins. This increases nuclear permeability and enables 
transport of the virus genome into the nucleus.?”,7> Virus entry from the cell surface 
to nucleus occurs within 30-60 min. !6 

A major limitation for the use of Ad vectors in gene therapy trials is the devel- 
opment of strong innate and adaptive immune responses against the Ad capsid. 
Adenovirus—host interactions with circulating blood components and cellular factors 
restrict Ad5-mediated gene transfer efficiency and the length of the transgene expres- 
sion, and affect biodistribution of the vectors. Briefly, after intravascular delivery, 
Ad capsids induce the innate immune response by activating macrophages and den- 
dritic cells. This results in the release of various chemokines and proinflammatory 
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cytokines.*+”> Uptake and sequestration of Ad vectors from blood by Kupffer cells and 
liver sinusoidal endothelial cells occur via scavenger receptors.2°8 Activation of the 
complement system further limits gene transfer efficiency.2? Binding of platelets to 
Ad via CAR or integrins leads to activation of endothelial cells and thrombocytope- 
nia.>!? Although CAR acts as the primary receptor for Ads, binding to blood coag- 
ulation factors redirects the virus to alternative cellular receptors and facilitates high 
transduction efficiency in liver. Coagulation Factor X (FX) binds to HVR of hexon 
proteins and enables binding to HSPGs in hepatocytes.**~*° Factor X has also been sug- 
gested to shield Ad vectors from the classical complement pathway.*’ Besides FX, Ad 
transduction of hepatocytes is suggested to be enhanced by coagulation Factor IX, com- 
plement C4-binding protein, protein C, and plasma zymogens including Factor VII.?538 

Adenovirus vectors induce biphasic toxicity, acute and late. Late toxicity occurs as 
aresult of adaptive immune responses against Ad vectors. Preexisting humoral anti-Ad 
immunity restricts Ad-vector-mediated gene transfer further. Neutralizing antibodies 
are mainly against Ad hexon protein, but antibodies against fiber and penton base 
may also exist.*?+° Besides platelets, erythrocytes also bind to Ad5 in humans via 
CAR and complement receptor CR1 and sequester the viruses.*! Interestingly, similar 
expression of CAR is not present in murine erythrocytes.*?*> Although systemic deliv- 
ery restricts Ad-mediated gene transfer and requires high vector doses, localized Ad 
vector delivery has shown great promise in treating CVDs by having reduced immune 
responses against the vector and high gene transfer efficiency. Genetic and/or chemi- 
cal modification of Ad vectors, pseudotyping of Ad5, or use of other Ad serotypes may 
further broaden Ad virus vector usability in cardiovascular gene therapy. 


2.2 Adenovirus Vectors and Other Virus Vectors in 
Vascular Gene Transfer 


Adenovirus vectors that are used in cardiovascular gene therapy are mainly nonrepli- 
cative first-generation vectors that have their early gene regions E1 and/or E3 deleted. 
To reduce immunogenicity in second-generation vectors, gene regions E2 and E4 can 
be removed. In third-generation Ad vectors (1.e., gutless Ad, helper-dependent Ad, or 
high-capacity Ad), all viral coding sequences except the inverted terminal repeats flank- 
ing the Ad genome and packaging signal are deleted. The insertion capacity of first- and 
second-generation vectors is 8—12 kb, whereas helper-dependent Ad allows an insertion 
size up to 36kb. Adenovirus 5 vectors have been shown to transduce cardiomyocytes, 
endothelial cells, and SMCs after local administration or denudation of endothelial 
cells.-°* In rabbit carotid arteries, second-generation Ad5 vectors did not improve 
gene transfer efficiency compared with first-generation vectors.*> Instead, third-genera- 
tion vectors were able to induce stable transgene expression for 8 weeks in rabbit carot- 
ids, whereas first-generation Ad5 vectors expressed transgene for 2 weeks.*° In murine 
models, helper-dependent Ads have shown reduced inflammatory response in myocar- 
dium compared with first-generation vectors,“ as well as reduced late toxicity after 
intravenous administration. In hyperlipidemic rabbits, helper-dependent Ad vectors 
caused less lesion growth and reduced macrophage and lipid accumulation to plaques 
compared with first-generation Ad vectors.*? 
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Despite promising results, most research is currently performed using first- 
generation Ad vectors because of their ease of large-scale manufacturing with high 
quantities. Limitations of helper-dependent Ad vectors are their less efficient virus 
production compared with first-generation Ad vectors and helper Ad contamination 
in the produced virus stocks. Helper-dependent Ad5 vectors have also been sug- 
gested to induce similar acute toxicity as first-generation Ad5 vectors.>! Generating 
helper-dependent Ad vectors from serotypes other than Ad5 could be beneficial for 
vascular gene transfer owing to their reduced late toxicity. Adenoviruses vectors 
from Adenoviridae subgroups B and D (Ad35 and Ad49) showed increased gene 
transfer efficiency of vascular cells compared with Ad5 after ex vivo delivery to cor- 
onary artery bypass graft tissues.°? Reduced immunogenicity has also been observed 
in mice after intravenous administration of nonhuman Ad vectors.” 

Because of the immunogenic nature of the Ad vectors and their transient gene expres- 
sion, other viral gene transfer vectors have been used in gene therapy trials for CVDs. 
Briefly, adeno-associated virus (AAV) allows longer transgene expression in target tissues 
and is considered nonpathogenic and less immunogenic than first-generation Ad5 vectors. 
AAV vectors have been used especially in myocardial gene transfer, and have shown high 
transduction efficiencies of cardiomyocytes.>* Disadvantages of AAV vectors compared 
with Ad vectors are their less efficient vector production and limited cloning capability 
(<5kb). Besides AAV and Ad vectors, lentivirus vectors (cloning capacity<8kb) have 
been used in cardiovascular gene therapy because of their ability to transduce nondividing 
cells and their ability to induce long-term transgene expression. Higher transgene expres- 
sion efficiency of primary SMCs has been detected by lentivirus vectors in comparison to 
Ad5 or AAV serotypes 2-6.5 Other than their integration capability, and therefore safety 
concerns, a restriction in the use of lentivirus vectors have been in production of adequate 
amounts of the vectors for studies in large-animal models. For this reason, most applica- 
tions have used intramyocardial injections instead of e.g., coronary perfusion.>°° 


2.3 Adenovirus Vectors and Vascular Targeting Strategies 


To enhance the gene transfer efficiency of Ad vectors, multiple targeting strategies have 
been applied. In transductional targeting, the vector is modified genetically and/or chem- 
ically. The aims are to inhibit interaction of the Ad capsid with its receptors (CAR, inte- 
grins, and HSPGs), retarget the vectors to other cellular receptors, and reduce immune 
responses as well as dose-dependent toxicity. Examples of vascular targeting strategies 
by Ad5 vectors are presented in Table 1. By pseudotyping, fiber protein of Ad5 can be 
changed to those of other Ad serotypes. Substitution of Ad5 fiber knob to alternative sero- 
types results in altered vascular tropism. With Ad16 chimera, increased transduction effi- 
ciency is observed in SMCs and endothelial cells and in human saphenous vein segments 
ex vivo.” Pseudotyping of Ad5 with Ad19p and Ad37 results in reduced transduction 
of hepatocytes and increased vascular tropism." Transduction of SMCs was shown to 
be enhanced by substituting Ad5 fiber and penton base with that of Ad35.5° Adenovi- 
rus capsids can also be modified by selective mutation or inserting ligands, e.g., target- 
ing peptides. Mutation of Ad5 knob was shown to reduce acute toxicity compared with 
unmodified Ad5. Mutation of both CAR and HSPG binding sites of Ad5 also reduced 
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Table 1 Examples of Vascular Retargeting Strategies of Ad5 Vectors 


Targeting Strategy 


Benefit in Vascular Gene Transfer 





A. Pseudotyping 
e.g., Ad5/16, Ad5/19p, Ad5/35, Ad5/37 
B. Genetic modification 
i. Insertion of EC or SMC-binding 
peptides 
ii. Selective mutation of CAR, integrin, or 
HSPG binding sites 
C. Chemical modification 
i. Coating: e.g., PEG, HPMA, PAMAM, 
lipids, PDMAEMA, chitosan 
ii. Retargeting: Ligands, e.g., EGF, FGF2, 
transferrin, magnetic particles, cyclic 


Enhanced vascular tropism 


i. Enhanced EC or SMC transduction 
efficiency 

ii. Reduced immunogenicity and liver 
targeting after systemic delivery 


i. Reduced immunogenicity and liver 
targeting after systemic delivery 

ii. Enhanced EC and/or SMC transduc- 
tion efficiency 
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RGD, CGKRK, EGF-mimetic peptide 
GE11. Antibodies, e.g., selectins, ACE, 
VEGER, integrins. 











ACE, Angiotensin-converting enzyme; EC, endothelial cell; EGF, epidermal growth factor; FGF2, fibroblast growth 
factor 2; PAMAM, polyamidoamine; pDMAEMA, poly(2-(dimethylamino)ethylmethacrylate; PEG, polyethylene glycol; 
pHPMA, poly-N-hydroxy-propylmethacrylamide; SMC, smooth muscle cell; VEGFR, vascular endothelial growth factor. 


liver transduction. Insertion of targeting peptides to Ad5 fiber, such as RGD and endothe- 
lial cell or SMC-targeting peptides, has been shown to enhance vascular tropism.°!:°? Sim- 
ilarly, peptide-targeted Ad5/19p chimera vectors were able to target cardiomyocytes.” 
Polymers, bispecific molecules, magnetic particles, microbeads, and lipids have been 
used to retarget Ad vectors. In murine models, antibodies against the Ad fiber knob and 
endothelial targeting peptides (Tie2, vascular endothelial growth factor-2 [VEGFR2], and 
integrin) were shown to retarget Ad vectors to tumors.®* Angiotensin-converting enzyme 
antibody instead was shown to target Ad vectors to pulmonary vascular endothelium.®° 
Enhanced transduction efficiencies of endothelial cells and SMCs were detected after 
coating Ad5 vectors with CAR protein and RGD peptides.’ Besides bifunctional mol- 
ecules, coating Ad vectors with polymers, e.g., polyethylene glycol (PEG), altered tro- 
pism and decreased the immunogenicity of Ad5 vectors after intravenous delivery.°°°* In 
murine models, coating Ad5 vector with PEG or poly-N-hydroxy-propylmethacrylamide 
(pHPMA) moieties and further targeting with E-selectin antibody increased vascular tro- 
pism after intravenous delivery.’ Conjugation of murine epidermal growth factor (EGF) 
to HPMA polymer” or EGF-mimetic peptide to polyamidoamine (PAMAM) dendrimer’! 
retargeted polymer-coated Ad5 vectors to EGFR-positive cells. Similarly, fibroblast growth 
factor 2 (FGF2) was used to target polymer-coated Ad5 vectors to FGFR-positive cells.” 
Microbubbles and magnetic particles have also been used to retarget Ad vectors. Adeno- 
virus 5/3 vector coated with microbubbles and VEGFR2, integrins, or selectins showed 
increased tumor targeting after intravenous administration.”* Successful targeting of Ad 
vectors with magnetic particles/epicardial magnet was also shown in an acute myocardial 
infarction model in rats.” Besides total shielding of Ad vectors, thiol-based chemistry has 
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been used for site-specific attachment of ligands to Ad5 capsid.6876-78 Despite significant 
advancements in Ad retargeting, most modified Ad vectors have not yet made the transi- 
tion from small- to large-animal models or clinical trials. 


3. Animal Models for Cardiovascular Gene Transfer 


Genetically modified mice using various transgenic and knockout models have provided 
researchers with several powerful experimental settings for studying the effects of single 
genes on CVD. However, for preclinical efficacy, safety, and toxicology studies, larger 
animal models are usually needed before entering clinical testing. Animal models for 
CVD are listed in Table 2. 


3.1 Mouse Models 


A large number of transgenic and knockout mouse models have been developed for 
CVD.” Because mice are relatively cheap and easy to handle, most early-phase animal 
studies are conducted in murine models. Apolipoprotein E and low-density lipoprotein 
(LDL) receptor knockout mice have become standard models for hyperlipidemia and 
atherosclerosis studies.°° Various other knockout models in which specific apolipo- 
proteins, growth factors, cytokines, or extracellular matrix components are deleted 
have also been developed for CVD research. Despite the small size, several surgical 
applications are possible, including coronary artery ligation for myocardial infarction 
models and reperfusion injury studies.*! Carotid artery denudation and collar models 
have been used for restenosis and atherosclerosis studies.*” Peripheral skeletal muscle 
ischemia using ligation of femoral arteries is acommon screening model for proangio- 
genic factors.*> Heart failure induced by transaortic banding or angiotensin infusion is 
commonly used in heart failure studies.* More recently, so-called vulnerable plaques 
that lead to acute plaque rupture and thrombosis have been modeled in mice as well.*? 
In general, mouse models allow adequate numbers of experimental animals per study 
group and various interventions based on systemic gene delivery via tail vein, intraper- 
itoneal, or periorbital delivery. Also, intramuscular applications in peripheral skeletal 
muscles, direct intramyocardial injections, and intraretinal injections are feasible. How- 
ever, because of the small size of tissues and organs, significant damage can be caused 
by local injection techniques. Systemic delivery of Ad usually leads to transduction of 
liver, which can modify treatment effects and cause immune responses. Nude mice can 
be used to avoid immune reactions and prolong Ad gene expression in target organs. 
However, the relevance of these models to human clinical situation remains unclear. 


3.2 Rat Models 


Like mice, rats are commonly used in CVD gene transfer studies. They are especially 
useful for carotid artery restenosis studies and myocardial ischemia and infarction stud- 
ies using coronary ligation models.*> Also, transaortic banding and hypertensive models 
are commonly used for heart failure studies.*° Femoral artery ligation is commonly 


Table 2 Animal Models for Cardiovascular Gene Therapy 


Mouse 


Rat 


Rabbit 


Dog 


Pig 





Genetically modified models 


for hyperlipidemia and 
atherosclerosis 
Surgical models 
Myocardial ischemia, 
reperfusion injury 
Peripheral skeletal muscle 
ischemia 
Restenosis; denudation 
and collar model 
Atherosclerosis and 
vulnerable plaques 
Heart failure 
Vein graft stenosis 


Some genetically modified 
models available 


Surgical models 
Myocardial infarction; 
reperfusion injury 
Restenosis 
Peripheral skeletal 
muscle ischemia 
Heart failure 
Vein graft stenosis 





Naturally occurring 
genetic mutations for 
hyperlipidemia 

Surgical models 

e Myocardial ischemia 
and reperfusion injury 

e Restenosis, in-stent 
restenosis 

e Peripheral skeletal 
muscle ischemia 

e Vein graft stenosis 





Naturally occurring 
genetic mutation for 
hemophilia 

Surgical and catheter 
interventions 
Myocardial infarction, 
reperfusion injury 
Ameroid models 
Catheter-mediated coil 
models for coronary 
arteries for ischemia 
Restenosis; in-stent 
restenosis 
Heart failure 





Naturally occurring 
genetic mutations for 
hyperlipidemia 

Surgical and catheter 
interventions 

e Myocardial infarction; 
reperfusion injury 
Ameroid models 
Catheter-mediated coil 
models for coronary 
arteries for ischemia 
Vein graft stenosis 
Modification of 
lymphatic vasculature 
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used for peripheral skeletal muscle ischemia studies. Because of the larger size com- 
pared with mice, rats provide an easier model for targeted gene transfer: for example, 
in heart, with less local damage caused by needle injections and other mechanical 
manipulations. However, rats cannot be made hyperlipidemic without extensive hormonal 
and dietary modifications. This limits the usefulness of rat models in studies related 
to atherosclerosis and vascular pathologies other than restenosis and in-stent resteno- 
sis. Currently, some genetically modified rat models have become available for CVD 
research that should improve the value of rat models in CVD gene transfer studies.°’ 


3.3 Rabbit Models 


Rabbits have been most commonly used for atherosclerosis and hyperlipidemia 
studies owing to the easy induction of high cholesterol levels with dietary means.° 
Rabbits also have been useful in carotid and femoral artery restenosis and in-stent 
restenosis studies, vein graft studies, and myocardial and peripheral skeletal 
muscle ischemia studies after local vascular manipulations.’?°° Because of the 
larger size, rabbits allow the use of several similar imaging modalities as used 
in the clinics. Ultrasound, magnetic resonance imaging, and positron emission 
tomography studies are useful in characterizing tissue conditions after local or 
systemic gene transfers. Also, some naturally occurring gene defects such as 
Watanabe heritable hyperlipidemic (WHHL) rabbits with LDL receptor mutations 
have been very useful in atherosclerosis, restenosis, and vulnerable plaque stud- 
ies.°! Also, gene therapy for LDL receptor deficiency has been efficiently tested 
in a WHHL rabbit model.°” Rabbits have also been used for CVD gene therapy 
safety, biodistribution, and toxicology studies because the dosing and delivery of 
the vectors better resemble those used in human clinical studies.’ 


3.4 Dog Models 


Dogs have been used less frequently in CVD gene transfer studies for ethical, practical, 
and logistic reasons. However, especially in cardiac ischemia reperfusion and infarction 
modeling, dogs are useful because the dog heart closely resembles the human heart 
and is large enough to allow intracoronary and intracardiac manipulations using the 
same equipment as that used in the clinics.?* Most commonly used ischemia models 
in the heart are the ameroid constrictor and coronary ligation techniques, which lead to 
predictable ischemia, compromised heart function, and pathologies that resemble human 
clinical conditions.°+® Also, dogs have been used in hemophilia studies because a 
naturally occurring clotting factor gene defect is available and offers an excellent 
model for preclinical safety, efficacy, and toxicity studies. 


3.5 Pig Models 


Pigs have commonly been used for myocardial infarction, ischemia reperfusion, and 
in-stent restenosis studies. Pig heart is similar to human heart and the size allows 
the use of the same catheter-based interventions as those used in the clinics. All 
imaging modalities are available for pigs. Commonly used models are the ameroid 
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constrictor and coils that are inserted in coronary arteries using surgical or catheter 
techniques.!°°° Also, open transthoracic surgical models have been commonly used 
in pigs. A limitation of pig model is the difficulty in making pigs hyperlipidemic 
and atherosclerotic because of their efficient lipid and lipoprotein metabolism. Pig 
myocardium is also sensitive to ventricular fibrillation, which leads to increased 
mortality rates in cardiac ischemia models. Currently, efficient anti-arrhythmic drug 
cocktails have significantly improved the situation. Pigs allow easy, affordable, long- 
term follow-up, which is important in CVD gene therapy for myocardial infarction and 
heart failure. Preclinical safety, biodistribution, and toxicology studies are commonly 
done in pigs before entering clinical trials because gene vector dosage and delivery 
routes are similar to those used in human CVD gene transfer applications.” A new 
pig model has also been developed for gene therapy of lymphatic vessel disorders.’ 


4. Conclusions 


Adenoviruses are useful vectors for efficient transient gene transfer applications in CVD. 
These include myocardial infarction, proangiogenic studies, restenosis, in-stent reste- 
nosis, vein graft stenosis, peripheral ischemia, and heart failure studies. Transductional 
and transcriptional targeting of Ad vectors to specific cardiovascular tissues via systemic 
delivery has not yet been successful and requires the use of high vector doses. Most 
applications currently rely on direct applications into treated tissue with catheters, needle 
injections, or equivalent techniques. Mouse models are useful for proof-of-principle and 
large-scale screening studies. Availability of several transgenic and knockout models greatly 
enhances possibilities of obtaining physiologically significant results using gene transfer 
applications. Final preclinical efficacy, safety, biodistribution, and toxicology studies 
are usually performed in larger animals because they produce a more realistic outcome 
regarding the usefulness of CVD gene transfer in terms of human clinical applications. 
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1. Introduction 


Cancer is one of the most serious diseases; it causes large numbers of deaths worldwide 
every year. Despite the development of sophisticated diagnostic protocols and treatments, 
the overall survival rate is significantly low, and new strategies are needed to provide bet- 
ter treatment for cancer patients. Over the past two decades, various viral gene delivery 
systems have been established. Adenovirus (Ad) is a promising candidate for the treat- 
ment of various maligned cancers. Specific attention has been paid to increasing Ad’s 
ability to target solid tumors and selectively kill tumor cells without harming normal 
cells.! Adenovirus is a nonenveloped virus with a capsid size of 100nm that can carry 
therapeutic genes. Adenovirus is internalized into cells by binding to the primary Ad 
receptor, the coxsackie-adenoviral receptor (CAR), and interacting with the cell surface 
integrins 0.83 and a,ßs, which induces Ad endocytosis.* Heparin sulfate proteoglycans 
on the cell surface interact with protein epitopes on the fiber shaft of the virus, acting as 
additional Ad receptors.>° Adenovirus has several benefits, including high gene transfer 
efficiency in both dividing and nondividing cells, easy production of high-titer Ad stocks, 
no risk of insertional mutagenesis, and induction of oncolysis by viral replication.’~° 

To date, over 2000 gene therapy clinical trials have been performed using viral vec- 
tors. Among these, since 1993, Ad vectors have been used in more than 488 protocols 
and have become the most common gene delivery method for clinical gene therapy.!° 
Adenovirus has been modified by deletion of the E1B protein, which inhibits viral 
replication in normal cells while permitting it in tumor cells. This strategy has been 
demonstrated as a clinical proof-of-concept for oncolytic virotherapy using ONYX- 
015. ONYX-015 (d11520) was one of the first-generation oncolytic Ads used to treat 
human cancer. This Ad is genetically engineered by deleting the 55-kD gene in the 
EIB region, resulting in a complete lack of E1B expression that allows it to specifi- 
cally infect and kill p53-deficient cancer cells without harming normal cells.!! Numer- 
ous phase I and II clinical trials have been performed using ONYX-015 delivered by 
intratumoral, intravenous, intra-arterial, and intraperitoneal routes in malignant gli- 
omas, head and neck, hepatocellular, pancreatic, ovarian, and metastatic colorectal 
carcinomas. The results from these trials have demonstrated that ONY X-015 is well 
tolerated, but it has shown only moderate antitumor efficacy. !!? 
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Several genetic engineering strategies have been developed to improve the can- 
cer-killing potency of the Ad vector.'? The various strategies are summarized as 
follows:'* (1) insertion of cytotoxic genes such as the suicide gene (herpes sim- 
plex virus-thymidine kinase),'° cytosine deaminase (CD),'° the tumor-suppressor 
gene (p53),!’ and tumor necrosis factor (TNF)-related apoptosis-inducing ligand 
(TRAIL)!®; (2) overexpression of immune-stimulatory cytokine genes, including 
granulocyte macrophage colony-stimulating factor, interleukin-2 (IL-2), IL-12, 
IL-18, and IL-23, interferon-a, etc.!°-*’; (3) downregulation of sequence-specific 
gene expression by small interfering ribonucleic acid (siRNA) against messenger 
RNA related to angiogenesis*®.”°; (4) acceleration of cancer cell lysis induced by 
viral replication using adenosine diphosphate and deletion of the Ad EIB 19-kD 
gene*°-3!; (5) elimination of the extracellular matrix barrier within the tumor tissue 
for efficient viral spread (relaxin and decorin).*°*?> Despite these efforts, most 
of the Ad delivered systemically through blood circulation is eliminated within 
2 min.** Recent human clinical trials using Ad have therefore been strictly limited 
to local injection against exposed tumors such as head and neck, prostate, and mel- 
anoma cancer.’ 

There are many challenges to overcome before the systemic delivery of thera- 
peutic Ad particles can be used to treat metastatic cancer. First, the complexes are 
frequently neutralized by preexisting Ad-specific neutralizing antibodies (NAbs) in 
the bloodstream; and thus, a new technology is needed to shield therapeutic Ad 
from blood-mediated inactivation. Second, Ad must be modified with appropriate 
material to avoid infecting nonspecific cells, particularly in the liver where ther- 
apeutic viruses may be captured by phagocytes.*°>” Third, selective tumor target- 
ing and complete eradication of tumors are highly desirable. The ability to avoid 
interactions through the use of inert biomaterials that protect the virus capsid may 
minimize the adverse side effects. In addition, if the inert materials deshield after the 
target cells are internalized, the virus can function normally and transfer the genetic 
materials to the nucleus with high efficacy.’ This chapter focuses predominantly 
on the recent developments made in polymer-modified Ad systems to overcome the 
challenges of long-term and systemic administration, which will ultimately enhance 
the efficacy and safety of this anticancer therapeutic strategy. After a brief summary 
of the commonly used polymers, the polymer-modified Ad complex is described 
in detail with emphasis on the various strategies used and the in vitro and in vivo 
efficacy of each study. 


2. Polymer Coating on Adenovirus Surface 


The major purposes of the polymer coating on the Ad surface are to increase transgene 
expression, provide protection from the immune system, and target the tumor site. 
Moreover, conjugating the surface chemistry of the viral capsid without changing the 
viral genome is a prerequisite for maintaining the biological activity of therapeutic Ad. 
Efficient and safe gene transfer carriers are also critically important for gene delivery. 
Therefore, techniques for the surface modification of Ad have received significant 
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attention and various procedures have been successfully developed to overcome the 
barriers to systemic administration. 

Surface modification approaches are classified in terms of how the polymers 
interact with the Ad capsid proteins. There are two approaches: “physical engi- 
neering through electrostatic interactions,” and “chemical modification”, in which 
polymers are covalently anchored to the amine of Ad surface proteins (Figures 
1 and 2). Various cationic polymers have been investigated for coating the Ad 
surface using the engineering through the electrostatic interaction approach. The 
backbones of cationic polymers contain several amine groups which can induce 
interactions between the positively charged cationic polymers and the nega- 
tively charged Ad surface, leading to the formation of Ad—polymer complex in 
an aqueous solution.*? This polymer-coated Ad has a positive surface charge that 
increases cellular uptake and results in enhanced transgene expression. In addi- 
tion, these cationic polymers possess tertiary and secondary amines with high 
buffering capacity which facilitate the therapeutic agents to effectively escape 
from the endosomes and release the virus into the cytosol via the “proton sponge 
effect’”.*°-*! This strategy has several benefits, such as the easy manipulation of 
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Figure 1 Approaches to the surface modification of Ad for overcoming the challenge of Ad 
immunogenicity. 
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Figure 2 Overview of various strategies used for surface modification of Ad. 


molecular weight and facilitated conjugation of ligands to polymers. It is also easy 
and straightforward to generate and handle the complexes without the need for 
stringent conditions. Importantly, polymer-modified Ad maintains its viral activity 
and intracellular trafficking, whereas transduction efficiency is enhanced through 
increased cellular binding affinity. However, the main disadvantage of this tech- 
nique is its nonspecific uptake in cells because of the highly positive surface charge 
and cytotoxicity of the cationic polymers (e.g., polyethyleneimine (PEI) 25 kDa). 
It can rapidly dissociate in the bloodstream after intravenous injection owing to 
the negatively charged serum protein, which has a strong affinity with the posi- 
tively charged polymer encapsulating Ad. Certain serum proteins can be adsorbed 
on the Ad-polymer surface, triggering interactions between the positively charged 
polymer and the membrane receptors of macrophages and monocytes.*? 
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Covalent conjugation of polymers to Ad is a good alternative strategy for physi- 
cal engineering. In this approach, polymers are chemically cross-linked with the Ad 
surface using coupling agents or cross-linkers. Adenoviruses contain large numbers 
of free lysines located on the hexon, penton, and fiber proteins, which are used for 
surface modification via covalent conjugation with bifunctional or heterofunctional 
polymers. 144344 Compared with the genetic approach, the major advantage of the 
covalent conjunction approach is that several hundred amino acids can be modi- 
fied on the capsid in a single step, which is difficult to achieve genetically. Amino 
reactive functional polymers, such as polyethylene glycol (PEG) and N-(2-hydroxy- 
propyl) methacrylamide (HPMA), have been covalently conjugated with Ad. The 
results have shown high serum stability and enhanced blood circulation time. This 
approach also prevents antibody neutralization and ultimately reduces unwanted 
interactions with blood components after systemic administration. However, these 
techniques have some limitations compared with the noncovalent coating of Ad: 
(1) The polymer monolayers are permanently linked to the viral vectors, which can 
interfere with the intracellular mechanisms, resulting in reduced transduction effi- 
cacy. Enzymatically cleavable linkers are required to overcome this obstacle. (2) 
Targeting ligands are required to increase the therapeutic efficacy of Ad because 
CAR receptor binding site is often masked by the polymer layer. To this end, various 
cationic polymers, such as poly(L-lysine) (PLL), PEI, poly(amidoamine) (PAMAM) 
dendrimers, chitosan, and other biodegradable polymers such as arginine-grafted 
bioreducible polymer (ABP) and methoxy poly(ethylene glycol)-b-poly {N-[N-(2- 
aminoethyl)-2-aminoethyl]]-L-glutamate} (PNLG), have been used to deliver Ad. In 
the following sections we discuss the techniques developed to modify Ad to over- 
come these hurdles. 


2.1 Poly(ethyleneimine)-Coated Ad 


Among the various sizes of PEI that have been developed, PEI (25 kDa) is used as 
the standard for newly developed cationic polymers because of its high transgene 
expression.?? However, its clinical application is limited by its systemic cytotoxicity 
and low serum stability as a result of its strong binding affinity with serum proteins 
in vivo. Therefore, nontoxic polymers or moieties have been used to modify PEI. 
Hans et al. developed a low-molecular-weight PEI cross-linked with bioreducible 
disulfide bonds (PEI-DEG-bis-NPC) and physically engineered it with Ad. Adeno- 
virus complexed with PEI-DEG-bis-NPC showed higher transduction efficiency than 
naked Ad (Table 1).4° Ad-PEI-DEG-bis-NPC complexes promoted the inhibition of 
tumor growth more efficiently than Ad—PEI25 kDa in vivo. Lee et al. demonstrated 
that Ad complexed with bile acid-conjugated PEI (DA3) had increased transduction 
efficiency in both CAR-high and CAR-negative cancer cells.*° The Ad~-DA3 complex 
was more rapidly internalized into cells than the unmodified Ad. The cellular uptake 
mechanism revealed that the endocytosis of Ad—DA3 was not mediated primarily by 
CAR but involved clathrin-, caveolae-, and macropinocytosis-mediated endocytosis. 
In an aggressive model of HT1080 fibrosarcoma, the oncolytic Ad-DA3 complex 
showed significantly improved therapeutic effects compared with naked oncolytic Ad. 
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Table 1 Overview of Polymers Used for Physical Modification of Ad 








Surface 

Polymers Adenovirus Application | References 

Polyethyleneimine cross- Replication-incompetent In vitro and | 45 
linked diethylene glycol Ad encoding £- galacto- in vivo 
bis-4-nitropheny1 chlorofor- sidase or SDF-1la 
mate (PEI-DEG-bis-NPC) (Ad-LacZ and Ad-SDF1a) 

(PDN) 

Bile acid-conjugated PEI Oncolytic Ad encoding In vitro and | 46 

(DA3) ZFP that is targeted to in vivo 
VEGF 
(RdB-KOX) 

PEG-grafted -poly-L-lysine Replication-incompetent In vitro 49 

(PLL) Ad encoding GFP 
(ADV) 

Citraconylated Replication-incompetent In vitro 50 

biotin-PEG-PLL Ad encoding GFP 
(ADV) 

Poly(diethyleneglycol)- Replication-incompetent In vitro and | 52 

modified L-lysine(K¢gK?379) Ad encoding firefly in vivo 
luciferase or GFP 
(AdCMV-fi, AdCMV-GFP) 

Poly(2-hydroxypropyl) Replication-incompetent In vitro 54 
methylacrylate conjugated Ad encoding GFP 
oligo-L-lysine (pHK) (Ad5-GFP) 

Arginine-grafted bioreducible | Replication-incompetent In vitro SH 
polymer (ABP) Ad encoding GFP 

(d1324-AE1/GFP) 

Methoxy poly(ethylene Replication-incompetent In vitro and | 59 
glycol)-b-poly(N-[N-(2- Ad encoding GFP or in vivo 
aminoethy])-2-aminoethyl]- oncolytic Ad encoding 
L-glutamate)(PNLG) short hairpin RNA 

(shRNA) against inter- 
leukin-8 (IL-8) 
(dE1/GFP or 
Ad-AB7-U6ShIL8) 
Poly(amidoamine) Replication-incompetent In vitro 61 
(PAMAM) dendrimers Ad encoding luciferase 





fusion protein, Alexa 
Fluor488, enhanced 
green fluorescent pro- 
tein, or enhanced green 
fluorescent and lucifer- 
ase fusion protein 
(Ad-Luc, Ad-Alexa488, 
Ad-EGFP, Ad-EGFPLuc) 
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Table 1 Overview of Polymers Used for Physical Modification of Ad 


Surface—cont’d 


Polymers 


Adenovirus 


Application 


References 





Poly(amidoamine) 
(PAMAM) dendrimers 


Liposome; 1,2-dioleoy]- 
sn-glycero-3- 
phosphoethanolamine/ 
cholesterol semisuccinate 
(DOPE:CHEMS) 

Anionic liposome (PPC-AL; 
PEG-peptide-cholesterol 

(PPC-AL/PEG-peptide-Chol) 


Cationic liposome; 
1,2-dioleoyl-3- 
trimethylammonium 
propane/1,2-dioleoyl- 
sn-glycero-3- 
phosphoethanolamine 
(DOTAP/DOPE) 

PEG-grafted bioreducible 
polymer (ABP-g-PEG) 


Chitosan 





Replication-incompetent 
Ad encoding hNIS 
(Ad5-CMV/NI0053) 
Oncolytic Ad encoding 
hNIS gene 
(Ad5-E1/AFP-E3/NIS) 
Replication-incompetent 
Ad encoding 
B- galactosidase 
(Ad B-gal) 


Replication-incompetent 
Ad encoding firefly 
luciferase 

(Ad/FL) 

Oncolytic Ad expressing 
soluble TRAIL gene 

(pmT-d19/stTR) 


Replication-incompetent 
Ad encoding GFP 
(Ad-AE1/GFP) 
Replication-incompetent 
Ad encoding 
B- galactosidase 
(Ad-B-gal) 





In vitro and 
in vivo 


In vitro and 
in vivo 


In vitro and 


in vivo 


In vitro and 
in vivo 


In vitro and 
in vivo 


In vitro 
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The potent antitumor efficacy of the oncolytic Ad-DA3 complex may be attributable 
to the consecutive amplification of oncolytic Ad by active replication in tumor tissues 
after the rapid and effective infection of cancer cells. 


2.2 Poly(.-lysine)-Coated Ad 


Poly(1-lysine) is a linear polypeptide bearing free amine side arms that is able to 
interact with negatively charged nucleic acids or Ad, leading to the formation of a 
complex with a high net positive charge via electrostatic interaction. Complexes with 
a high positive charge often induce aggregation in physiological media, and cationic 
polymers at high concentrations elicit undesirable cytotoxicity.*7“8 To overcome these 
limitations, Park et al. studied the transduction efficacy and in vitro serum stability of 


714 Adenoviral Vectors for Gene Therapy 





Ad coated with PEG grafted and blocked with PLL (PLL-g-PEG and PLL-b-PEG) 
via electrostatic interaction.*? The Ad-PLL-g-PEG and Ad-PLL-b-PEG complexes 
exhibited gradually increased gene expression efficiency, followed by saturated or 
slightly decreased levels above a certain PLL concentration. Although the Ad—PLL 
complex showed marginally enhanced gene expression, it was much lower than that 
of Ad coated with PLL—PEG copolymers. Gene expression in the PLL-b-PEG—coated 
Ad was about six times higher than in the PLL-g-PEG-—coated Ad in the presence of 
serum. It is possible that PLL-b-PEG is more effective in protecting Ad from spatial 
access by serum proteins because it produces a more densely PEGylated shielding 
layer around the Ad surface. 

Mok et al.°° developed a pH-sensitive poly(lysine)-modified Ad (Ad-citraconylated 
biotin-PEG-PLL) to target the hypoxic tumor microenvironment. The extracel- 
lular environment of a tumor has a pH of 6.5 to 7.2,°! which triggers the signal 
for the tumor-targeted drug delivery of nanoparticles. In this study, PLL modi- 
fied with citraconic anhydride caused the amide to link with the negative surface 
charge of the polymer. This amide bond can be cleaved under acidic conditions 
resulting in a conversion from negative to positive charge. This charge conver- 
sion can enhance the cellular uptake of the nanocomplex and facilitate the release 
of its cargo which leads to high gene transduction. The surface charge reversal of 
Ad-citraconylated biotin-PEG-PLL at acidic pH 5.8 enhanced nonspecific cellular 
uptake compared with pH 7.4. Because the surface charge value of Ad—citraconylated 
biotin-PEG-PLL at pH 5.8 was still negative at -2.3 mV, a significant change in 
the surface charge value of Ad complex toward a positive direction could lead 
to enhanced cellular uptake and gene expression. These results demonstrate the 
feasibility and importance of modifying the Ad surface to enable Ad—pH-sensitive 
polymers to be widely applied to solid tumors that are known to have an acidic 
tumor microenvironment. 

In another study, Ads coated with PLL¢9 and poly(diethyleneglycol)-modified 
L-lysine(KggK?379) were monitored to measure in vivo transduction efficacy and 
stability.’ Exposure to the Ad5-NAb did not ablate the transductional activity 
of polymer-coated Ad (Ad-K¢gK?379), which suggests that the PEG of Kg )K?375 
protected the viral surface, prevented access by the NAb, and enhanced the blood 
circulation time. Biodistribution studies have shown that the accumulation of 
KgoK?379-coated Ad in the lungs is significantly higher than that of naked Ad, 
despite similar accumulations within the liver, and suggest that KggKP379-coated 
Ad acts differently from naked Ad. The HPMA copolymer has also been used to 
coat the surface of Ad vectors via electrostatic interaction. N-(2-hydroxypropyl) 
methacrylamide copolymer-modified Ad vectors have been shown to enhance the 
blood circulation time by decreasing the binding affinity with NAbs, and to reduce 
the interaction with complement receptor 1 on human erythrocytes.°* Wang et al.54 
complexed poly(lysine)s conjugated with the HMPA copolymer with Ad5 vectors. 
The polymer-modified Ad showed higher transduction efficiency than naked Ad in 
CAR-negative RAW 264.7 cells. The polymer-coated Ad also retained significant 
transduction efficiency in the presence of NAbs, which suggests that the Ad was 
well protected and the polymer prevented access by the immune cells. It also has 
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the potential to target CAR receptor-deficient cells and to overcome the systemic 
delivery problem. Taken together, PLL and its derivatives have the potential to 
enhance the transduction efficacy of Ad in CAR receptor-deficient cells and confer 
protection against the immune response. 


2.3 Bioreducible/Biodegradable Polymer-Coated Ad 


To decrease the cytotoxicity of cationic polymers, several bioreducible/biodegradable 
polymers have been developed and their complexation ability was examined.” These 
bioreducible polymers, which carry a disulfide moiety in the block copolymer, can be 
degraded in the cytoplasm to release the viral vector. The bioreducible block can be 
degraded into small fragments of monomer units in the cytoplasm. These fragments 
are easily excreted from the body, resulting in low systemic cytotoxicity. Arginine, a 
frequently used amino acid for cell penetrating peptides, has been exploited for graft- 
ing onto bioreducible polymers. Arginine contains a highly water-soluble guanidine 
side-chain functional group, is nonnucleophilic, and has comparatively strong basic 
characteristics (pKa 12.5).°° Guanidine has been used as a soft cationic site which 
facilitates the modulation of and interaction with the cell membrane to generate a mem- 
brane translocation or nuclear translocation. These reducing conditions can facilitate 
the efficient release of Ad from the complex and minimize polymer-induced cytotox- 
icity. Kim et al.” generated Ad complexed with an ABP via ionic interaction, which 
showed sixfold enhanced gene transduction efficacy over naked Ad in cells expressing 
high or low levels of CAR. These results suggest that the cationic ABP polymer com- 
plex mediates a CAR-independent cell entry and can facilitate gene transfer to cells that 
are resistant to Ad infection or express low levels of CAR protein. Hepatoma-specific 
oncolytic Ad (YKL-1001) chemically conjugated with ABP enhanced the replication 
of Ad-mediated hepatoma cell killing compared with naked YKL-1001, indicating that 
YKL-1001 retains the ability to induce hepatoma-specific cytotoxicity after conjugation 
with ABP.*® Arginine-grafted bioreducible polymer-conjugated YKL-1001 reduced the 
immune response against Ad, increased the blood circulation time by 45-fold, decreased 
accumulation in the liver, and exhibited strong antitumor effects with minimal liver tox- 
icity after systemic administration. Bioreducible polymers such as ABP, which involve 
disulfide bonds, are dissociated with glutathione and thioredoxin reductases into non- 
toxic small molecules in cytosolic reducing environments. Adenovirus conjugated with 
ABP polymers induces no obvious cytotoxic effects because the ABP is efficiently bro- 
ken down in the reductive environment of cytosol. Bioreducible ABP polymers support 
the stability of Ad complexes in the bloodstream because the total concentration of 
reducing agents in the extracellular environment is low, whereas the concentration in 
cytosol is high." These characteristics help ABP-conjugated Ad complexes to circulate 
in the blood for longer. The prolonged circulation time gives the polymer-conjugated 
Ad complexes a greater opportunity to reach the target cells through enhanced permea- 
bility and retention (EPR) effects. 

A different approach examined the systemic administration of biodegradable 
PNLG polymer-coated oncolytic Ad (Ad-AB7-U6shIL8).°? The PNLG-coated 
Ad (Ad—PNLG) complex showed increased transgene expression in both high 
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and low CAR-expressing cells compared with naked Ad, Ad—ABP, and Ad-PEI. 
The cells treated with the Ad—-PNLG complex also showed a significant killing 
effect compared with naked Ad, Ad—ABP, and Ad-PEI. Stability results showed 
that more than 10% of the biological activity of the PNLG-coated Ad complex 
was preserved over a 13-day period under physiological conditions. In contrast, 
the activity of naked Ad and Ad—ABP declined to less than 5% after 5 days of 
incubation. A biodistribution study in HT1080 tumor-bearing mice revealed that 
the accumulation of Ad—PNLG within tumors was enhanced by 164- and 750- 
fold compared with naked Ad or Ad—ABP, respectively, after systemic admin- 
istration. The tumor-to-liver ratio of the mice injected with Ad—ABP (130-fold 
increase) or Ad—PNLG (1229-fold increase) was significantly higher than the mice 
injected with naked Ad. These results indicate that the PNLG polymer-complexed 
Ad remarkably increased transduction efficiency, cancer-killing ability, stability, 
and reduced nonspecific interactions with cells and anticancer therapeutic efficacy 
in malignant tumor cells with low or deficient CAR expression. Together, these 
results demonstrate that bioreducible/biodegradable polymer-coated Ad shows a 
synergism between the cancer cell-specific cytolysis of oncolytic Ad therapy and 
the systemic delivery of polymers, thus enabling effective treatment of dissemi- 
nated metastatic tumors. 


2.4 Poly(amidoamine) Dendrimer-Coated Ad 


Recently, dendrimers, synthetic macromolecules that are highly symmetric and 
highly branched and have a flexible size range, have been investigated as a nonvi- 
ral vector. Dendrimers have distinct structural features, including tunable structures, 
molecular size, easily accessible terminal amine groups, and the ability to encapsu- 
late cargos, which increase their potential as drug carriers. Vetter and colleagues 
developed a targeting peptide-conjugated PAMAM dendrimer-coated Ad complex 
for selective treatment of epidermal growth factor receptor (EGFR)-overexpressing 
tumor cells.°! A synthetic peptide GE11 (CYHWYGYTPQNVIJ) is an EGFR-target- 
ing ligand with high receptor affinity without activating the receptor tyrosine kinase. 
The results showed that PAMAM-coated Ad significantly enhanced transductional 
efficacy even in the presence of Ad-NAbs. The net positive charge of PAMAM- 
PEG-GE1 1-coated Ad showed higher cellular binding and uptake, leading to a 2.3- 
fold increase in transduction efficiency, specifically in highly EGFR-positive A549 
lung cancer cells compared with Ad-PAMAM-PEG-cys. These findings imply that 
noncovalent charge-based coating of Ad vectors with ligand-equipped dendrimers is 
a viable strategy for efficient transduction of cells that are otherwise refractory to Ad 
transduction. 

In another study, sodium iodide symporter (NIS)-expressing Ad coated with 
PAMAM-G5 demonstrated partial protection from NAbs and enhanced transduc- 
tion efficacy in CAR-negative cells in vitro.°? The in vivo !*3I scintigraphy of nude 
mice revealed significantly reduced levels of hepatic transgene expression after intra- 
venous injection of dendrimer-coated Ad5-cytomegalovirus (CMV)/NIS. The low 
accumulation in the liver resulted in significantly reduced liver toxicity and increased 
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the transduction efficiency of dcAd5-CMV/NIS in hepatoma xenografts. After 
PAMAM-GS coating of the replication-selective Ad5-E1/AFP-E3/NIS, a significantly 
enhanced oncolytic effect was observed after intravenous application (virotherapy). 
The effect was further increased by additional treatment with a therapeutic dose of 
131] (radiovirotherapy) and was associated with markedly improved survival. These 
results demonstrate efficient detargeting of the liver and retargeting to the tumor by Ad 
vectors after coating with synthetic dendrimers, which exploits the synergies between 
oncolytic virotherapy and NIS-mediated radionuclide therapy. 


2.5 Lipid-Modified Ad 


Liposomes are widely used as biomimicking carriers for therapeutic agents. They can 
form vesicular structures from single and multiple phospholipid bilayers, which are 
capable of encapsulating water insoluble and soluble drugs within the bilayer mem- 
brane. For more than two decades, cationic lipids have been used as carriers to trans- 
fect cells with plasmid deoxyribonucleic acid (DNA), oligonucleotides, and siRNA. It 
is possible to further engineer liposomes with cell- or tissue-specific signals by conju- 
gation with targeting moieties such as peptides, antibodies, or small molecules.6? It is 
well known that liposomes undergo endocytosis, and the use of pH-sensitive liposomes 
has been extensively explored in the design of vectors for drug and gene delivery.®*-° 
One of the simplest pH-sensitive liposome systems is based on the construction of 
lipid bilayers consisting of the fusogenic lipid dioleoyl-phosphatidylethanolamine 
(DOPE) with protonable amphiphiles such as cholesteryl hemisuccinate (CHEMS).®* 
The mechanism underlying the pH-dependent destabilization of this bilayer system is 
that head group protonation of CHEMS occurs within an acidic environment, caus- 
ing DOPE molecules to revert from a bilayer (lamellar) to an inverted hexagonal II 
phase (nonlamellar). To overcome the problem of endosomal virion release from arti- 
ficially enveloped Ad, Van den Bossche et al. modified Ad by building pH-sensitive 
lipid bilayer envelopes around virions made of DOPE:CHEMS. This study showed 
that a high lipid concentration of DOPE:CHEMS (6:4mM) was required to offer full 
envelopment of the Ad (1 x 10!° particles), and pH-sensitive enveloped Ad showed 
similar levels of gene expression to those of naked Ad in many different cell lines. 
Intracellular trafficking studies showed that both Ad and pH-sensitive enveloped Ad 
successfully escaped the endosomes and trafficked to the perinuclear region within 3h 
of interaction with cells. 

Another approach formulated Ad vectors using enzyme-responsive liposome.® 
The enzymatically cleavable PEG-lipids (PPC-AI) consisting of polyethylene glycol- 
matrix metalloproteinase (PEG/MMP) substrate are sensitive to the protease enzyme 
type IV collagenases (MMP-2 and MMP-9) and are easily degradable in the tumor 
microenvironment. The MMP-specific cleavable formulation of PPC-Al-Ad showed 
higher transduction than naked Ad and noncleavable PEG-lipid-modified Ad vec- 
tors in tumor cells. PPC-Al-Ad reduced the innate and adaptive immune response 
against Ad and resulted in lower liver toxicity than naked Ad. Taken together, these 
approaches imply that cationic liposome-based Ad complexes can improve antitumor 
efficacy without toxicity. 
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2.6 Encapsulation of Viral Genomes Using Polymers 


Adenovirus genome DNA has been delivered to tumor sites using nonviral vectors to 
minimize the time and cost of viral mass production. Adenovirus genome DNA deliv- 
ery systems can effectively synergize oncolytic Ad-mediated high therapeutic efficacy 
and nonviral vector-mediated systemic delivery. Oncolytic viral genomes first arrive at 
the tumor foci via systemic blood circulation with the aid of a nonviral carrier, where 
they translocate into the nucleus and subsequently replicate, generating infectious onco- 
lytic Ad progenies within the tumor cells. These newly generated oncolytic Ads sub- 
sequently lyse the cancer cells and infect neighboring cancer cells, augmenting their 
cancer-cell-killing efficacy. This approach also has advantages over nonviral-vector- 
encapsulated conventional oncolytic Ad because the viral genome DNA and nonviral 
vector complex contain no viral capsid proteins, whereas Ad encapsulated by nonviral 
vectors still contain viral proteins that can induce nondesirable cytotoxic and immuno- 
genic effects. This attractive combination of features makes this approach safer because 
of the reduced propensity for inducing humoral and cellular adaptive immune responses 
to Ad capsid proteins. In addition, the robust efficacy of the approach lies in its ability 
to induce active viral replication in local tumor tissues via systemic delivery, thereby 
eliciting the full potential of systemic antitumor therapeutic effects. 

In this context, Kwon et al. investigated the systemic delivery of TNF-related apop- 
tosis-inducing ligand-expressing oncolytic Ad genome DNA (pmT-d19/stTR) via lipid 
envelopment in an orthotopic lung cancer model.®’ The pmT-d19/stTR + DOTAP/DOPE 
lipoplexes-transfected cancer cells induced predominant cell apoptosis, which suggests that 
the Ad genome DNA in the lipoplexes effectively produced the active oncolytic Ad proge- 
nies once viral replication had occurred. The systemic delivery of pmT-d19/stTR + DOTAP/ 
DOPE elicited more potent antitumor responses compared with naked oncolytic Ad, 
mT-d19/stTR, in orthotopic lung cancer-bearing mice. Innate immune responses and 
Ad-specific NAbs were significantly decreased in the pmT-d19/stTR + DOTAP/DOPE- 
treated mice compared with those in the mT-d19/stTR-treated group. The biodistribution 
profile analyzed by quantitative polymerase chain reaction (PCR) and immunohistochem- 
ical analysis demonstrated that viral replication occurred preferentially in tumor tissues. 
Moreover, the viral genome tumor-to-liver ratio was significantly elevated in the pmT- 
d19/stTR + DOTAP/DOPE-treated mice, which was 934- and 27-fold greater than in the 
mT-d19/stTR- and pmT-d19/stTR-treated mice, respectively. These results demonstrate 
that systemic delivery of oncolytic viral genome DNA with liposomes is a powerful alter- 
native to naked Ad, overcoming the limited clinical applicability of conventional Ad and 
enabling effective treatment of disseminated metastatic tumors. 

Kim et al. studied the transduction efficacy and in vivo therapeutic ability of 
oncolytic Ad plasmid DNA complexed with two bioreducible polymers (ABP and 
PEGSK grafted with ABP [ABP5K]) via electrostatic interaction. The replication of 
Ad DNA occurs by a strand displacement mechanism initiated at both ends of the 
virus genome. The presence of inverted terminal repeated (ITR) sequences on the 
single-stranded DNA molecules permits the formation of a double-stranded region 
(called a panhandle) that is used as the template for the initiation of DNA replica- 
tion.’°-7! Thus, the initiation of Ad replication takes place at either end of the Ad 
genome, which indicates that circular Ad plasmid DNA does not produce infectious 
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Ad particles.’? With reference to these strategies, circular and linear plasmid DNA 
was complexed with polymers and the viral production efficiency was assessed. Only 
the 293 cells transfected with the linearized oncolytic Ad DNA-—polymers (ABP or 
ABP5k) induced active viral replication, indicating that to produce progeny infec- 
tious Ad particles, the Ad plasmid should be linearized to expose both ITR regions. 
Adenovirus DNA delivered by ABP or ABP5k markedly reduced the innate immune 
response mediated by the secretion of IL-6 cytokines from the splenocytes and the 
adaptive immune response related to existing Ad-specific NAb. The biodistribution 
results revealed that the systemic administration of Ad DNA—ABP5k decreased liver 
tropism by 99% compared with the naked Ad. In addition, the liver-to-tumor ratio of 
the Ad genome DNA complexed with ABP or ABP5k was 229- and 419-fold greater 
than that of naked Ad. Together, these results demonstrate that the PEG-conjugated 
bioreducible polymer delivery of linearized Ad DNA can overcome the limitations of 
systemic administration of oncolytic Ad and increase the accumulation of polyplex at 
the tumor site via passive tumor targeting by the EPR effect. 


2.7 Polymer-Conjugated Ad 


Polyethylene glycol is a neutral polymer that is hydrophilic and has negligible cytotoxicity. 
It has been used frequently as a delivery vehicle in biomedical applications and in food and 
cosmetics, and is approved by the United States Food and Drug Administration. Anchoring 
of PEG to the surface of Ad through covalent bonds is referred to as PEGylation of Ad. 
This is a promising approach for overcoming the various obstacles of Ad for systemic 
administration. PEGylation of Ad can enhance the plasma half-life and alter the biodistri- 
bution.” PEGylation also minimizes nonspecific uptake by macrophages because of the 
steric hindrance of PEG molecules, which protects the Ad from preexisting antibodies and 
retains its infectivity both in vitro and in vivo.” In particular, according to the pharmaco- 
kinetics of murine models, the half-life of systemically administered naked Ad is less than 
2min, whereas PEGylation of Ad significantly reduces blood clearance by a factor of 4. 
Various PEGylation protocols have been reported in the literature.’ 

A wide range of commercially available functional polymers, such as mono- and 
bifunctional PEG derivatives, have been used for PEGylation of Ad.”576 O’ Riordan 
et al.” pioneered the covalent conjugation of PEG with Ad using monofunctional 
PEGs, such as methoxy PEG activated by tresyl chloride, cyanuric chloride, and suc- 
cinimidyl succinate, which react with the free amine of lysine on the viral capsid 
protein. PEGylation of Ad significantly reduced the innate immune response and pro- 
tected the Ad from preexisting NAbs. However, the transduction was significantly 
decreased because the polymer monolayers masked the binding site of vectors with 
integrins of the cell membrane. 

To overcome this issue, Kreppel et al.” developed a classic PEGylation approach 
using bioreducible disulfide bonds between the viral vector and the polymer, which 
can be cleaved in a reducing environment such as cytosol, allowing the detachment of 
the polymer inside the endosomes. Mok et al.’? (Table 2) demonstrated that varying the 
percentage of PEGylation to Ad affected the transduction efficacy in vitro and in vivo. 
Increasing PEGylation ablated in vitro transduction, showing that heavy PEGylation 
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Table 2, Overview of Polymers Which Were Used for Chemical 
Modification of Ad Surface 


Polymers 


Adenovirus 


Application 


References 





Arginine-grafted 
bioreducible polymer 
(ABP) 


Replication-incompetent Ad 
encoding GFP 
(Ad-AE1/GFP) 


In vitro and 
in vivo 


58 


Replication-incompetent Ad 
encoding GFP on pIX of viral 
capsid 

(Ad-AE1/IX-GFP) 

Hepatoma-specific oncolytic Ad 

(YKL-1001) 

Helper-dependent Ad5 encoding 
LacZ transgene 

(HDA28E4LacZ) 

Replication-incompetent Ad 
encoding firefly luciferase or 
HSV-tk under control of CMV 
or TERT promoter 

(Ad-CMV/Luc, Ad-CMV/ 
HSV-tk, Ad-TERT/Luc, and 
Ad-TERT/HSV-tk) 

Replication-incompetent Ad 
encoding firefly luciferase or 
TNF-a 

(Adv-CMV/Luc or Adv-CMV/ 
TNF-a) 

Replication-incompetent Ad 
encoding GFP 

(Ad-eGFP) 


In vitro and 
in vivo 


Polyethylene glycol 
(PEG) 


PEG In vitro and 


in vivo 


In vivo 


In vitro 


Poly(2-hydroxy propyl) 
methacrylamide- 
activatable cell 
penetrated peptide 
(HPMA-ACPP) 

Chitosan 


In vitro and 
in vivo 


Replication-incompetent Ad 
encoding GFP 
(Ad-CMV-gfp) 














of Ad (where 85% of the primary amines on the viral capsid had reacted) caused a 
3-log decrease in transduction in vitro. However, viral function that was inactivated 
in vitro by PEG saturation was largely irrelevant in the in vivo system, suggesting 
that PEGylated Ad retained its ability to interact with cellular heparin sulfate proteo- 
glycans and integrins. This may explain why the vector remains functional in vivo. 
Other mechanisms of viral transduction, such as blood factor-mediated uptake and the 
pharmacodynamic environment of the liver, as well as a longer circulation time, may 
offer additional explanations for the heavily PEGylated vector’s ability to produce the 
same amount of transduction as unmodified vectors in vivo. 
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Yao et al.°° examined the characteristics of PEGylated Ad using 5-kDa PEG or 
20-kDa PEG. The transgene expression from PEGylated Ad decreased as the PEG 
modification ratio and molecular weight of the PEG increased. PEG[20K/45%]-Ad 
showed fivefold higher transgene expression in the tumor and 185-fold lower expres- 
sion in the liver than naked Ad. In a separate experiment, the researchers showed 
that PEG[5K/90%]-Ad had 40-fold higher transgene expression in the tumor and 
twofold higher in the liver than naked Ad. Thus, PEG[20K/45%]-Ad produced lower 
transgene expression in the liver than PEG[5K/90%]-Ad, although the transgene 
expression of PEG[20K/45%]-Ad in the tumor was about eightfold lower than that of 
PEG[5K/90%]-Ad. Various serum proteins bind to the surface of Ad and may serve 
as a bridge to the receptors on hepatocytes. The large 20-kDa PEG is likely to cover 
a larger area of the Ad surface than smaller forms of PEG, preventing the binding of 
blood factors that would otherwise mediate liver transduction. The blood circulation 
time of Ad PEGylated with 20kDa was also enhanced compared with that of 5-kDa 
PEG after systemic injection. These results indicate that the molecular size of PEG has 
a vital role in increasing the blood circulation of Ad vectors. 

Eto et al.’* evaluated the effect of the modification rate of PEGylated Ad (30%, 
50%, and 90%) on the production of anti-Ad antibodies in vivo. Rats treated with 
PEGylated Ad (90% modification rate) had lower levels of anti-Ad immunoglobu- 
lin (Ig)G and anti-Ad IgM than those treated with naked Ad, whereas rats treated 
with PEGylated Ad (30% or 45% modification rate) had levels of anti-Ad IgG and 
IgM similar to those treated with naked Ad. These results suggest that PEGylated Ad 
(90%) is the optimal PEGylated condition for reducing the immune reaction against 
Ad. Importantly, 90% PEGylated Ad showed 17-fold higher accumulation and 35-fold 
greater transgene expression in the primary tumor tissue as a result of the EPR effect, 
and 17-fold lower accumulation and sixfold lower transgene expression in the liver 
compared with naked Ad. Systemic treatment with PEGylated Ad (90%) significantly 
reduced the number of metastatic colonies in metastasis-model mice, compared with 
treatment with PBS or naked Ad. 

Poly(N-(2-hydroxypropyl)) methacrylamide (pHPMA) has been used as an alter- 
native to PEG. Poly(N-(2-hydroxypropyl)) methacrylamide is a hydrophilic and 
nontoxic polymer that was invented to deliver therapeutic agents. Seymour et al. 
developed multifunctional polymers consisting of amino reactive 4-nitrophenoxy 
groups on pendent diglycyl side chains of pHPMA conjugate with Ad vectors.5? These 
modified vectors also significantly reduced toxicity, enhanced the plasma circulation 
time, and augmented the evasion of NAbs. Li et al. demonstrated a new strategy 
for selectively delivering HPMA polymer-coated Ad particles into MMP-overex- 
pressing tumor cells*! by attaching an activatable cell-penetrating peptide (ACPP) 
to the reactive 4-nitrophenoxy groups of HPMA polymers by the C-terminal amino 
acid (asparagine, N). Activatable cell-penetrating peptides are polycationic peptides 
(polyarginine) that are neutralized by polyanionic (polyglutamic acid) sequences 
through the fusion of cleavable linkers. Activatable cell-penetrating peptides are 
released from the polycationic peptides only in the immediate vicinity of extra- 
cellular proteases (MMPs) in tumors, allowing their cargo to attach to and enter 
cells. Incorporation of these targeting ACPPs into the HPMA polymer-coated virus 
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enabled ACPP-mediated and CAR-independent binding, selective infection of the 
MMP.-overexpressing tumor, and increased resistance toward NAbs. These results 
demonstrate the use of a polymer-based system for targeted delivery into MMP-over- 
expressing solid tumors. 

The use of chitosan, a naturally occurring linear polysaccharide composed of 6(1,4)- 
linked glucosamine with some N-acetyl-glucosamine, has been extensively studied for 
the delivery of drug and nucleic acids.?.°> Kawamata et al.8* developed chitosan-coated 
Ad to enhance the transduction efficiency of Ad into mammalian cells. They observed 
an enhanced effect of chitosan on the infectivity of Ad in Chinese hamster ovary cells 
that did not express the receptor for Ad, thus indicating the receptor-independent mech- 
anism(s) for this enhancement effect. The pH of the culture medium and the molecular 
mass and concentration of chitosan were also shown to be critical factors. The high- 
est effect was obtained with 0.1 to 1 ug/ml chitosan with a molecular mass of 19 and 
40kDa in the culture medium with a pH of 6.4, whereas the effect was negligible with 
higher chitosan concentrations (10 ug/ml or more), a lower or higher molecular mass 
(11 and 110kDa) of chitosan, or with a pH of 7.4. Because chitosan is biocompatible 
and inexpensive, these data indicate that it may be a potential candidate for use as a 
nonviral vector to safely increase Ad infectivity in mammalian cells, particularly those 
with poor susceptibility to Ad infection. 

Wang et al. demonstrated the covalent conjugation of chitosan to Ad through a 
thioether link between chitosan modified with 2-iminothiolane and Ad cross-linked 
with N-[C-maleimidobutyryloxy]succinimide ester (GMBS) as an alternative method 
of vector coating, which allowed transduction into corneal epithelial cells in vitro.*> 
Chitosan modification did not significantly change the particle size of the Ad, but its 
surface charge increased significantly from —24.3 mV to nearly neutral. The transduc- 
tion efficiency was attenuated gradually with increasing amounts of GMBS. However, 
the incorporation of chitosan partially restored the infection ability of Ad and induced 
resistance to antibody neutralization. Compared with PEGylated Ad, chitosan-modi- 
fied Ad at a ratio of 1:10:700 (Ad:GMBS:ChiSH) protected Ad from antibody neutral- 
ization at a low concentration. Unlike PEG, chitosan has a rigid hexose structure that 
allows chitosan modification to protect the virus effectively with a lower concentration 
of NAb. 

Taken together, these studies imply that Ad covalently conjugated with a variety of 
polymers significantly enhances stability, increases blood circulation time, and pre- 
vents access to NAbs, which emphasizes the potential for polymers to overcome the 
obstacles of Ad application in clinical practice. 


3. Active Targeting-Mediated Smart Ad Nanohybrid 
Systems 


Active targeting approaches rely on the binding affinity between ligand-conjugated poly- 
mers and specific receptors on the surface of the cell membrane. The surface decoration 
of polymeric nanoparticles by a specific tumor-homing moiety such as an antibody, anti- 
body fragment, peptide, aptamer, polysaccharide, saccharide, folic acid, and so forth 
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can considerably increase the retention and accumulation of nanoparticles in the tumor 
vasculature, together with selective and efficient internalization by the target tumor cells, 
which is termed active tumor targeting. In addition to the type of targeting moiety, the 
size, shape, and stability of the nanoparticles, and the density and affinity of the targeting 
moiety have an important role in active cancer targeting. With its potential to maximize 
therapeutic efficacy and minimize systemic side effects, the targeting moiety-mediated 
active tumor targeting strategy has become an emerging and indispensable platform for 
safe and efficient cancer treatment. Various strategies have been proposed for generat- 
ing active targeting-mediated smart Ad nanohybrid systems using polymer macromol- 
ecules, a target moiety, and a spacer or cross-linker.*®°’ To attach targeting ligands or 
therapeutic agents, the polymeric nanoparticles need a functional moiety. The targeting 
ligands can be anchored directly or through a degradable or nondegradable cross-linker 
to the polymer backbone, which controls the release of the therapeutic agent. 

Yao and coworkers’? developed an Ad nanohybrid system that targets both tumor 
tissues and tumor vasculatures after systemic administration, by conjugating aCGKRK 
tumor vasculature homing peptide to the end of a 20-kDa PEG chain (Ad-PEGegxrx) 
(Table 3). Ina primary tumor model, systemic administration of Ad-PEGcgxpx resulted 
in ~500- and 100-fold higher transgene expression in the tumor than administration of 
naked Ad and Ad-PEG, respectively. In contrast, the transgene expression of Ad-PEG- 
ccKrK in the liver was about 400-fold lower than that of naked Ad, and was almost the 
same as that of Ad-PEG. These results indicate that administration of Ad-PEGcoxrK 
results in significant tumor-specific transgene expression compared with Ad-PEG 
and naked Ad. Furthermore, in mice with established B16BL6 pulmonary metasta- 
sis, transgene expression in lungs with Ad-PEGcoxprx was 27-fold and 12-fold higher 
than with naked Ad and Ad-PEG, respectively. This suggests that Ad-PEGcgxpx not 
only reduces transgene expression in the liver, it also actively targets both the primary 
tumor and metastases. Intravenous administration of Ad-PEGcgxprx resulted in strong 
transgene expression in endothelial cells and colocalization with CD31* endothelial 
cells, which indicates that the transgene expression of Ad-PEGcgxpx is localized in 
the tumor endothelial cells. 

The expression of the adhesion molecule integrin avB3 on sprouting capillary cells 
and their interaction with specific matrix ligands have been shown to have a key role 
in tumor angiogenesis and metastasis. Xiong et al.8° studied luciferase-expressing 
Ad modified with cRGD-PEG to specifically target avB3 integrins, which are highly 
expressed in tumor cells. The addition of monomeric cyclic RGD peptides showed 
enhanced transduction efficiency in cells expressing integrin avß3 and the effect 
was observed in both in vitro and in vivo studies. This enhancement in transduction 
depended on the binding of the coupled RGD peptide to integrin and was independent 
of CAR viral receptors. Nontarget tissues such as liver showed a marked decrease in 
transduction after intravenous delivery of the cRGD-PEG-—modified Ad, which suggests 
that PEGylation may reduce the in vivo sequestration of the vector. The expression of 
0.681 and «664 integrins is frequently altered in tumor cells with reduced B4 subunit 
expression, leading to increased «661 integrin heterodimerization and consequently 
increased migratory and invasive properties. Therefore, «681 integrin provides an 
intriguing target for selective gene delivery to metastatic cancer. 


Table 3 Overview of Active Target-Mediated Delivery Systems for Systemic Injection 


Polymer Materials 
(Modification Type) 


Targeting Ligand 


Adenovirus 


Target Cell Type 


Application 


References 





PEG-20kDa 
(Covalent conjugation) 


PEG 
(Covalent conjugation) 


pHPMA 
(Covalent conjugation) 


Bioreducible 
polymer(PEG-CBA-DAH) 

(Electrostatic interaction) 

PEG 

(Covalent conjugation) 

Biotin-PEG 

(Electrostatic interaction) 


pHPMA 
(Covalent conjugation) 


PEG 

(Covalent conjugation) 
Chitosan-PEG 
(Electrostatic interaction) 
PEG 

(Covalent conjugation) 





CGKRK 


YESIKVAVS 


E-selectin—specific 
antibody 
EGF 


Herceptin 
Folic acid 


Transferrin 





Replication-incompetent Ad encoding firefly 
luciferase, GFP, or HSV-tk 

(Ad5/FL, Ad5/GFP, Ad5/HSV-tk) 

Replication-incompetent Ad encoding 
HSV 1-sr39tk 

(Adtk) 

Replication-incompetent Ad encoding firefly 
luciferase 

(Adluc) 

Oncolytic Ad encoding short hairpin RNA 
against interleukin-8 

(Ad-AB7-U6shIL8) 

Replication-incompetent Ad encoding TL 

(AdTL) 

Replication- incompetent Ad encoding firefly 
luciferase 

(AdCMV-LucAE1) 

Replication-incompetent Ad encoding firefly 
luciferase 

(Adluc) 

Ad5 wild-type adenovirus 

(Adwt) 

Oncolytic Ad expressing relaxin 

(DWP418) 

Oncolytic Ad 

(Hmt) 

Replication-incompetent Ad encoding GFP 

(Ad1stGFP) 





Primary and metastatic 
tumors 


CAR-positive and 
CAR-negative cells 


O66, integrin-positive 
prostate cancer cells 


CAR-positive and 
CAR-negative cells 


TNF-a activated 
HUVECs 

EGFR-positive and 
EGFR-negative cells 


FGFR-positive and 
FGFR-negative cells 


EGFR-positive and 
EGFR-negative cells 
FR-positive cells 


CAR-positive and 
CAR-negative cells 





In vitro and 
in vivo 


In vitro and 
in vivo 


In vitro and 
in vivo 


In vitro 


In vitro and 
in vivo 
In vitro and 
in vivo 


In vitro and 
in vivo 


In vitro and 
in vivo 
In vitro and 
in vivo 

In vitro 
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Stevenson et al.°° explored the use of a6ß1 integrin-targeted peptide (YESIK- 
VAVS)-conjugated PEG to modify the surface of Ad for tumor-specific targeting. 
Competition studies confirmed that uptake was mediated by the incorporated ligand 
and was CAR-independent. The application of retargeted Ad to a panel of prostate 
cancer cell lines demonstrated enhanced infection of cells derived from metastatic 
cancers, and the effect was related to the expression of a6 integrins. Intravenous 
administration of YESIK VAVS-retargeted polymer-coated Ad to tumor-bearing mice 
showed highly efficient detargeting of the liver and hence greatly reduced toxicity, 
while maintaining tumor tropism. 

Bioreducible poly(cystaminebisacrylamine-diaminohexane) (poly[CBA-DAH] 
[CD]) has been investigated as a polymer carrier for tumor-targeted oncolytic Ad 
delivery.°° These polymers have low cytotoxicity compared with 25 kDa PEI because 
they are biodegraded to nontoxic small molecules upon exposure to the reductive 
environment of the cytoplasm through the cleavage of disulfide bonds by glutathione 
and are no longer harmful. A cyclic RGD peptide has been widely investigated as an 
active targeting moiety in anti-angiogenic gene therapy for cancer.°! This ligand can 
specifically recognize and bind with avB3 and avf5 integrin receptors, which is an 
important biomarker overexpressed in sprouting tumor vessels and most tumor cells. 
In an attempt to take advantage of each system’s strengths, actively targeting RGD 
peptide was conjugated to the bioreducible CD polymer connected with polyethylene 
glycol (PEG) (CD-PEG-RGD). Compared with unmodified Ad, oncolytic Ad com- 
plexed with cRGD-conjugated polymers via physical engineering showed enhanced 
transduction and greater cancer cell-killing efficacy in a dose-dependent manner, par- 
ticularly toward selective tumor cells. Furthermore, a competition assay using anti- 
CAR or anti-integrin antibodies revealed that both CAR and integrins were required 
for naked Ad to infect target cells, but only integrins were needed for effective infec- 
tion by Ad—CD-PEG-cRGD. Cells treated with Ad-CD-PEG-cRGD also showed high 
levels of apoptosis and decreased IL-8 and vascular epithelial growth factor (VEGF) 
overexpression. Together, these results suggest that the infection pathway of CD-PEG- 
cRGD-complexed Ad is not a CAR-mediated interaction; rather, it is exclusively reg- 
ulated by the interaction between integrins and tumor-homing peptides on the virus 
surface. 

E-selectin, known as endothelial leukocyte adhesion molecule-1 and CD62E, is 
the only endothelial-specific cell adhesion molecule within the selectin family. The 
recognition that E-selectin is a key molecular marker in inflammation and cancer? 
has led to several independent investigations targeting therapeutic agents to diseased 
sites. Indeed, E-selectin represents an attractive vascular target because of its physio- 
logical roles in binding circulating blood cells under high shear blood flow conditions 
and its restricted pattern of expression at sites of inflammation, including tumor-as- 
sociated vasculature. Ogawara et al.’ investigated the use of E-selectin—specific anti- 
body-conjugated Ad for retargeting the Ad to activated endothelial cells. First, Ad 
was covalently modified with bifunctional PEG, and E-selectin—specific antibody was 
subsequently introduced to the other PEG molecule functional group through a cou- 
pling reaction. Compared with its unmodified counterpart, systematic administration 
of anti—E-selectin antibody-modified PEGylated Ad demonstrated improved effects 


726 Adenoviral Vectors for Gene Therapy 





in vivo. It improved blood circulation time and selectively homed to activated endo- 
thelium in the skin of mice with a delayed-type hypersensitivity skin inflammation, 
resulting in local expression of the reporter transgene. Taken together, these results 
suggest that tumor/endothelial cell-targeting moiety-PEG conjugation is an effective 
way to modify Ad tropism for improved systemic gene delivery. 

A retargeting strategy to ablate native tropism and redirect Ad infection via a recep- 
tor that is highly expressed on the target cell surface has been shown to enhance trans- 
gene expression significantly. Epidermal growth factor receptor (EGFR), a family of 
receptor tyrosine kinase proteins that includes EGFR, HER2/erbB2, and HER3/erbB3, 
is activated in various tumor types of epithelial origin and non-small cell lung cancer. 
Epidermal growth factor receptor activation in cancer cells results in signal cascades, 
cell growth, drug and radiation sensitivity, and ligand-independent activation. Epi- 
dermal growth factor has been used as an attractive targeting ligand for various diag- 
nostic and therapeutic nanoparticulates because of its high affinity binding to EGFR 
and subsequent cellular internalization by receptor-mediated endocytosis. Park et al. 
conjugated biotin—PEG-EGF to avidin-modified Ad via biotin—avidin interaction, 
generating an Ad-Avi/biotin-PEG—EGF complex,** The EGF tethered and PEGylated 
Ad complex exhibited significantly increased green fluorescent protein expression for 
EGFR high-expressing A431 cells by EGFR-mediated endocytosis but not for MCF-7 
cells (an EGFR-deficient cell line). These results suggest that retargeting of Ad to 
specific cells can be achieved by tethering a cell-specific targeting ligand to the distal 
end of a PEG chain anchored onto the Ad surface. 

The fibroblastic growth factor (FGF) family has been shown to be highly effec- 
tive in retargeting Ad because of its cognate high-affinity FGF receptors (FGFRs). 
Fibroblastic growth factor ligand was conjugated either directly or through polymers 
such as PEG or HPMA.°>-*’ Adenoviruses modified by the addition of FGF2 showed 
enhanced transduction efficiency in various cancer cells. This enhanced transduction 
depended on binding of the coupled FGF2 to its high-affinity receptor and was inde- 
pendent of CAR expression. In an intraperitoneal model of ovarian cancer, Ad—-PEG-— 
FGF2 elicited greater transgene expression in tumor tissue than naked Ad. Polymer 
modification of Ad resulted in reduced localization of Ad to nontarget tissues and a 
marked decrease in thymidine (Th)1 and Th2 T cell responses. Factor VIII staining 
for endothelial cells demonstrated no increase in angiogenesis in tumors transduced 
with FGF2-retargeted Ad. Overall, these findings indicate that gene delivery to tumors 
by FGF2-retargeted Ad is feasible in vivo without inducing unwanted angiogenesis. 

Her2/neu is ahuman EGF? receptor that is known to be overexpressed in 20-30% of 
breast cancer patients. Her2/neu has a crucial role as an oncogene in these cancers, and 
drugs that target Her2/neu, such as trastuzumab and lapatinib, are in clinical use.?*-° 
Trastuzumab (Herceptin), a Her2/neu-specific monoclonal antibody, is also widely 
used to treat both metastatic and early breast cancer. Kim et al. covalently conjugated 
heterobifunctional PEG to relaxin (matrix-degrading hormone)-expressing onco- 
lytic Ad (DWP418), and subsequently conjugated the Her2/neu-specific Herceptin 
antibody to the end terminals of PEG for Her2/neu-targeted cancer gene therapy.! 
Adenovirus-PEG-HER increased the blood circulation time 16-fold compared with 
the naked Ad. Her2/neu-positive SKOV3 and MDA-MB435 xenograft tumor models 
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treated with DWP418-PEG-HER elicited greater antitumor activity than that of naked 
Ad. However, DWP418-PEG-HER-treated Her2/neu-negative MCF7-mot xenograft 
tumors had similar antitumor activity to naked Ad. Therefore, the enhanced antitumor 
activity of DWP418-PEG-HER in Her2/neu-positive tumors depended on targeting 
the Ad—nanocomplex to the tumor through the specific interaction between the Her- 
ceptin and Her2/neu on the cell surface. Specific targeting of DWP418-PEG-HER to 
tumor cells with Herceptin led to 58,000-fold higher virus accumulation than in the 
tumors of mice treated with naked Ad. The enhanced accumulation was probably a 
result of the efficient secondary infection of tumor cells by progeny DWP418. Overall, 
the liver-to-tumor biodistribution ratio for DWP418-PEG-HER was 10!9-fold greater 
than for naked DWP418, demonstrating that PEGylation and Herceptin directed the 
accumulation in the tumor beds and tumor-specific Ad replication in cancer cells, 
whereas the expression of relaxin promoted the secondary spread of the virus in the 
tumor bed. These results suggest that an Ad-targeting platform based on the conju- 
gation of a polymer and targeting moiety onto Ad may lead to the development of a 
gene therapy vector capable of targeting a therapeutic gene to diseased cells, while 
minimizing toxicity and expression in other tissues. 

Chitosan has been used for DNA gene delivery because it contains amine func- 
tional groups that are subject to convenient chemical modification and condensed 
DNA packing via electrostatic interaction.*”*? These chitosan-DNA complexes have 
been demonstrated to enhance DNA transduction because of charge interactions with 
the negatively charged cellular membrane. Similarly, chemically conjugated Ad—chi- 
tosan complexes enhance transduction as the result of a similar mechanism involving 
positive charges that improve attachment to the cell membrane. This is an important 
feature because it does not negatively affect the infectiousness of the Ad—chitosan 
complex. Green fluorescent protein-expressing replication-incompetent Ad cross- 
linked with chitosan—PEG-folic acid (FA) was generated through an electrospinning 
process, demonstrating the advantages of electrospinning for large-scale production of 
Ad nanocomplexes.!! The electrospinning of Ad—chitosan nanocomplexes and ionic 
cross-linking efficiently coated Ad without reducing its biological activity or infec- 
tivity. The ionically cross-linked chitosan layer on the Ad surface provided chem- 
ical conjugation sites for PEG and further for FA, as a targeting moiety at the end 
of heterofunctional PEG. The transduction efficiency of the Ad—chitosan—PEG—FA 
increased as a function of the FA ratio in FA receptor-expressing cancer cells, but not 
in FA-receptor negative cancer cells, thus demonstrating FA-receptor—targeted viral 
transduction. The transduction efficiency of Ad—chitosan—PEG-FA was 57.2% higher 
than that of Ad—chitosan, which showed the superiority of FA-receptor—mediated 
endocytosis for viral transduction. The blood clearance assay results revealed a 48.9- 
fold enhanced blood retention time for the Ad—chitosan-PEG-—FA nanocomplex 
compared with naked Ad. Interestingly, Ad—chitosan—PEG—FA showed a significant 
increase in blood circulation, 5.44-fold higher than nontargeted Ad—chitosan—PEG, 
24h after injection. This result suggests that endowment of the targeting moiety, 
FA, onto the surface of the PEGylated Ad nanocomplex further increases the blood 
circulation time, probably by shielding the surface of Ad more tightly. The immune 
response was markedly reduced by PEG conjugation, and the tumor-to-liver ratio of 
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the FR-targeted oncolytic Ad nanocomplex was significantly increased. The FR-targeted 
oncolytic Ad nanocomplex elicited a more potent antitumor efficacy than the nontargeted 
oncolytic Ad nanocomplex, demonstrating the efficacy of active tumor targeting in 
addition to EPR-mediated passive targeting. 

A unique combination of genetic and chemical vector particle modifications has 
been investigated in an attempt to overcome the typical restrictions in virus vector tar- 
geting. The reactive thiol cysteine group was genetically engineered on the viral cap- 
sid, which was conjugated to the target ligand using heterofunctional PEG. First, target 
transferrin (Tf) was reacted with maleimide-PEG-N-hydroxysuccinimide, resulting in 
maleimide-PEG-Tf, and then coupled to the cysteine thiol of the viral capsid to pro- 
vide Tf-PEG-Ad.’* Transferrin was used to enhance the Ad binding affinity to tumor 
cells expressing transferrin receptors (TfR). After coupling of the high-affinity ligand 
transferrin to the vector particle surface, the transferrin-modified particles were spe- 
cifically and efficiently taken up by the Tf/TfR pathway, demonstrating successful 
receptor targeting. 

In summary, these results demonstrate that shielding the oncolytic Ad surface with 
a biocompatible polymer and a targeting moiety may overcome the limitations of 
conventional oncolytic Ad vectors, such as hepatotoxicity, immunogenicity, and short 
blood circulation time, and allow tumor-selective targeting, which is needed for safe 
and effective systemic cancer treatment. 


4. Biocompatible Hydrogels for Ad Depot System 


The development of optimized Ad and an effective Ad delivery system would fur- 
ther advance Ad vector therapy by maximizing the safety, efficacy, and duration of 
transgene expression. In particular, the controlled release of viral vectors into the dis- 
ease-affected site to increase the local vector concentration and therapeutic index are 
key factors for long-term therapy. Hydrogels are ideal candidates because of their high 
hydration ability. Injectable hydrogels formed in situ can deliver therapeutic drugs to 
specific sites in a controlled manner without surgery and implantation procedures. 10? 
Hydrogels have been used in various biomedical applications such as gene, drug, and 
cell delivery, and in regenerative medicine.!-!°* The release rate of therapeutic mol- 
ecules is governed by various parameters such as the degradation of scaffold/gels, the 
microenvironment, and gel strength. 

Hydrogels are generated from naturally occurring polymers such as fibrin, gelatin, 
alginate, chitosan, and silk elastin-like protein (SELP), as well as from synthetic poly- 
mers such as poly(lactic-co-glycolic)acid and Pluronic F-127. Natural polymers may 
be safer than synthetic polymers because of the biocompatibility inherent to biological 
activities that affect the attachment, migration, and differentiation of cells. Impor- 
tantly, the biological activity of the encapsulated vectors is well maintained within the 
hydrogel system. A locally injectable virus delivery system has been used for bone 
morphogenic protein-2—expressing Ad gene therapy of osteogenesis using a collagen 
catrier, an antibody complexation with Ad in a collagen carrier, lentivirus entrapment 
in a hyaluronic acid—collagen matrix, and a mixture of SELP polymers—Ad for breast, 
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head, and neck cancer xenograft tumor models.!05-108 The use of a matrix-based Ad 
transduction system assisted widespread and uniform virus transduction. The local 
injection of a matrix-based Ad delivery system prevented rapid viral dissemination 
and infusion from the tumor to normal organs during intratumoral injection resulting 
in low normal cell transduction efficiency. 

To maximize the therapeutic potential of Ad-mediated gene therapeutics, Choi 
et al. investigated the efficacy of locally sustained Ad delivery using an injectable algi- 
nate gel matrix system. A biodegradable alginate gel, a natural polymer, is frequently 
used as an injectable gel carrier for protein and cells because of its biocompatibil- 
ity, low toxicity, relatively low cost, and mild gelation behavior with divalent cations 
(Table 4).!°-!!0 Adenovirus loaded in alginate gel had prolonged biological activity 
compared with naked Ad over an extended period, which suggests that alginate gel— 
encapsulated Ad may provide a biocompatible environment for maintaining the viral 
activity of Ad. Considering that long-term transduction is needed for in vivo applica- 
tions, the use of Ad—alginate gel as a depot system may be useful because it acts as a 
reservoir that releases Ad in a sustained manner while maintaining the Ad’s biolog- 
ical activity. Oncolytic Ad encapsulated in alginate gel elicited significantly greater 
antitumor activity than naked Ad in human tumor xenograft models, which indicates 
that local administration of Ad in 5% alginate gel by intratumoral injection enhanced 
oncolytic Ad-mediated antitumor efficacy. Histological analysis confirmed that onco- 
lytic Ad—gel treatment resulted in wider and denser dissemination of the oncolytic Ad 
across the tumor bed compared with naked oncolytic Ad treatment. Importantly, the 
accumulation and spreading of Ad through the tumor tissue was sustained over time. 
Quantitative polymerase chain reaction analysis showed that the oncolytic Ad—alginate 
gel matrix system significantly increased the preferential replication and dissemina- 
tion of oncolytic Ad in a larger area of tumor tissue in vivo. Taken together, these 
results show that local, sustained delivery of oncolytic Ad in alginate gel augments the 
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Nature of Tumor 


Hydrogels 


Gelation 


Adenovirus 


Model 


Application 


References 





Alginate 


Silk elastin- 
like 
protein 
polymers 
(SELP) 





Tonic cross- 
linking 
(ites 
divalent 
cation 
C a2+) 

Physical 
cross- 
linking 





Oncolytic Ad 
expressing 
relaxin 

(DWP418) 


Oncolytic Ad- 
expressing 
c-met— 
specific 
shRNA 

(Ad-C-Met) 





Glioma 
xenografts 


Head and 
neck 
cancer 
xenografts 





In vitro and 
in vivo 


In vitro and 
in vivo 
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therapeutic effect through the selective infection of tumor cells, sustained release, and 
prolonged maintenance of Ad activity. 

Biomimetic SELP hydrogels have been used to control the release of Ad into solid 
tumors via intratumoral injection.!!!-11? Recombinant SELP polymers were designed 
to insert typical Ala—Gly amino acid sequences from silk and Gyl-Val-Gyl-Val-Pro 
amino acid sequences from elastin. Some of the positively charged moieties of SELP 
polymers can interact with viral vectors. The SELP polymers have several unique 
properties that make them suitable for use as a controlled release matrix, including 
control of the polymer length and sequence, tunable release kinetics, and an irrevers- 
ible sol-to-gel transition when elevated to body temperature. This transition is useful 
in allowing an injectable formulation that becomes a depot for the sustained delivery 
of Ads to solid tumors. 

A study showed that c-met—specific shRNA-expressing oncolytic Ad encapsulated 
SELP hydrogels for the matrix-mediated delivery of oncolytic Ad to tumors.!!* The 
Ad released from the SELP hydrogel had much greater biological activity than the 
naked Ad from days 7 to 21 (1.50- to 3.03-fold increase), which suggests that the 
SELP matrix prevented the biological inactivation of the Ad induced by incubation 
at 37 C. c-Met-—specific shRNA-expressing oncolytic Ad in an SELP matrix had 1.5- 
fold greater antitumor efficacy than naked Ad in human xenograft tumor models. A 
histological analysis demonstrated that treatment with Ad in an SELP matrix resulted 
in apoptosis over a wider area of tumor tissue and a higher density of Ad infection 
compared with Ad administered alone. c-Met activation is associated with tumor 
survival, growth, and metastasis. c-Met also induces VEGF expression through a sig- 
naling cascade. In this regard, c-Met—specific shRNA-expressing oncolytic Ad in an 
SELP matrix efficiently inhibited c-Met—mediated VEGF expression, which suggests 
that SELP-mediated delivery of oncolytic Ad containing shRNA can be used to treat 
various types of cancer. 

Taken together, these studies support the significance of local Ad delivery using 
biocompatible hydrogels in a controlled manner for long-term treatment. Importantly, 
the activity of the gelated Ad was maintained over an extended period, thus maximiz- 
ing the full potential of Ad-mediated cancer gene therapy by spatiotemporal control. 


5. Conclusion 


We have highlighted recent developments in the modification of Ad by a variety of 
polymers for use in cancer gene therapy. Clinical trials of oncolytic Ad have demon- 
strated that it is safe for human cancer treatment via systemic injection, but its ther- 
apeutic efficacy is insufficient to ensure the complete eradication of tumors. To 
overcome the current shortcomings of viral vector-based gene delivery, a variety of 
polymer-based hybrid systems have been investigated. The conjugation of polymers to 
Ad enhances stability and protects the Ad from the immune system by reducing innate 
and adaptive immunogenicity. The polymers coating Ad through ionic charge interac- 
tions also increase the transduction efficiency via passive targeting promoted by the 
EPR effect. Importantly, these polymers can also be used as linkers to conjugate the 


Polymer-Modified Adenovirus 731 





targeting ligands to the Ad surface for target-specific delivery of Ad. Further develop- 
ments in multifunctional biomaterials and the fusion of bioengineering and biophar- 
maceutical technologies are expected to improve the safety and therapeutic efficacy of 
Ad for human cancer gene therapy. 
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1. Introduction 


In the 1980s, antisense RNAs were shown to inhibit gene expression efficiently in 
bacteria,! Dictyostelium,” Xenopus oocytes, Drosophila,* plant cells, and mammalian 
cells.° In other work, the introduction of the chalcone synthase gene, the key enzyme 
in flavonoid biosynthesis, was attempted in petunias to increase or alter pigmentation 
of flower color.’ Unexpectedly, it resulted in less pigmentation, yielding fully or partially 
white flowers, indicating silencing of flower colors.’ Thus, the downregulation of 
target genes was observed by using antisense RNAs or a transgene cassette through 
unknown mechanism(s). After these observations, researchers investigated this 
phenomenon in other organisms. In 1995, analysis of asymmetric cell division of 
Caenorhabditis elegans by injecting antisense ribonucleic acid (RNA) for par-] mRNA 
induced per-1 messenger RNA (mRNA) degradation and mediated the disruption of 
asymmetric cell division. In addition, injection of both sense and antisense RNAs 
dictated par-I phenocopies.* Interestingly, injection of in vitro—-synthesized sense 
RNA for par-] mRNA induced par-/ phenotypes at a high frequency. Antisense and 
sense RNAs seemed to function independently during the induction of par-/ pheno- 
types. In 1998, Drs. Andrew Z. Fire and Craig C. Mello reported a potent gene-silenc- 
ing effect by injecting double-stranded RNA (dsRNA) into C. elegans,? demonstrating 
that dsRNA successfully silenced the targeted gene expression. They initially and sys- 
tematically demonstrated RNA interference (RNAi) in the nematode C. elegans. The 
Nobel Prize in Physiology or Medicine 2006 was jointly awarded to Drs. Fire and 
Mello for their discovery of RNAi-gene silencing by dsRNA. 

Ribonucleic acid interference is a regulatory mechanism conserved in most 
eukaryotic cells. The events of RNAi are initiated through a dsRNA of approximately 
21-23 nucleotides in length, such as short interfering RNAs (siRNAs), short hairpin 
RNAs (shRNAs), or microRNAs (miRNAs).!°!* Ribonucleic acid interference 
leads to sequence-dependent degradation or translation repression of target mRNAs. 
Ribonucleic acid interference is a biological process observed in cells and occurs 
without triggering a toxic response. Therefore, it is used as the standard tool for the 
sequence-specific knockdown of gene expression in molecular biology. In this chapter, 
we provide an overview of RNAi in adenoviral biology and adenoviral vectors for 
delivery of RNAi-mediated gene silencing. 
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2. MicroRNAs and Human Diseases 


Different types of noncoding RNAs (ncRNAs) such as microRNAs (miRNAs), 
transcribed ultraconserved regions (T-UCRs), small nucleolar RNAs (snoRNAs), 
PIWI-interacting RNAs (piRNAs), large intergenic ncRNAs (lincRNAs), and the 
heterogeneous group of long ncRNAs (IncRNAs) are transcribed in human cells.!> 
They might contribute to the development of many different human disorders.'° Of 
ncRNAs, the biogenesis of miRNAs and their functions have been well characterized 
in mammalian cells and have been the most widely investigated in human disease. The 
human genome contains approximately 20,000 to 25,000 protein-coding genes!’ and 
over 2000 miRNAs.'® It has been predicted that miRNAs regulate the translation rate 
of more than 60% of protein-coding genes,!? and over 45,000 miRNA target sites 
within human 3’-untranslated regions (UTRs) are conserved.!? MicroRNAs are asso- 
ciated with gene regulation of protein-coding genes and control developmental and onco- 
genicprocesses.”°Notably, miRNA processingdefectsenhancetumorigenesis*! andresult 
in unique gene expression profiles of different miRNAs observed in a variety of normal 
tissue and cancers.22-2° MicroRNAs are often differentially expressed or downregulated 
in various human cancers”°*° as a result of the deletion of gene regions and epigenetic 
changes, including aberrant deoxyribonucleic acid (DNA) methylation or histone 
modification.!*?7-30 Therefore, miRNAs can function as oncogenes or tumor sup- 
pressor genes and be used as novel biomarkers in cancer disease diagnostics.*!~>4 
MicroRNAs are classified into several categories—angiomiRs, apoptomiRs, hypox- 
amiRs, metastamiRs, and oncomiRs—based on functional actions.2!~> In addition to 
cancer diseases, aberrant expression of miRNAs is reported in nontumoral disorders, 
including neurological and cardiovascular disorders. !° 


3. MicroRNA Biogenesis and Gene Silencing 


The biogenesis of miRNAs has been well characterized in mammalian cells to 
examine the mechanism of RNAi-induced gene silencing. MicroRNAs are transcribed 
as long primary transcripts named pri-miRNAs by RNA polymerase II.?6-37 Pri-miRNAs 
can contain one or more immature miRNAs, possess a 7-methyl guanosine cap at 
the 5’-terminus, and are polyadenylated.** In the nucleoplasm, they are processed 
by Drosha, which is a nuclear RNase III involved in the Microprocessor complex,’ 
generating imperfectly pairing stem-loop molecules of approximately 70 nucleotides 
known as pre-miRNAs that have a 5’ phosphate and a 2-nucleotide 3’ overhang. 
Drosha-containing complex was examined to identify the components of the 
miRNA-processing machinery.*? Approximately 20 kinds of Drosha-associating 
proteins were identified by affinity chromatography and mass spectrometry using 
293 cells stably expressing FLAG-Drosha.*? FLAG-Drosha is expressed as approxi- 
mately 145 and 160kDa recombinant proteins in 293 cells. However, whether the 
160-kDa form of Drosha (Drosha-a) is caused by a posttranslational modification of the 
145-kDa form (Drosha-b) or is proteolytically cleaved to the 145-kDa form remains 
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unknown. Drosha-containing complexes were isolated at three different molecular 
masses (>2 MDa, approximately 600kDa, and approximately 400kDa) in 293 
cells stably expressing FLAG-Drosha. Drosha-a is involved in both the >2-MDa 
and approximately 600-kDa larger complexes, whereas Drosha-b is associated 
with both the 600-kDa and the 400-kDa complexes. The 2-MDa Drosha complex 
contains 19 classes of RNA-associated proteins including the DEAD-box and 
DEAH-box family of RNA helicases, dsRNA-binding proteins including nuclear 
factor 90 (NF90) and NF45, novel heterogeneous nuclear ribonucleoproteins, 
and the Ewing sarcoma family of proteins.*? Although the 600-kDa and 400-kDa 
Drosha complexes contain the gene product of DiGeorge syndrome critical region 
gene 8 (DGCR8), which is a dsRNA-binding protein, the 2-MDa Drosha complex 
does not include DGCR8.*° Whereas the 2-MDa Drosha complex has weak 
activity to process pri-miRNAs because of nonspecific RNase activity, the 600-kDa 
Drosha complex containing DGCR8 exhibits stronger pri-miRNA processing 
activity compared with the 2-MDa Drosha complex.*? The knockdown analysis 
of DGCR8 and in vitro reconstitution analysis using recombinant Drosha and 
DGCR8 proteins demonstrated that both Drosha and DGCR8 are responsible for 
the processing of pri-miRNAs into pre-miRNAs.*° Thus, the 600-kDa Drosha 
complex containing Drosha-a, Drosha-b, and DGCR8 is defined as the Micropro- 
cessor complex processing pri-miRNAs into pre-miRNAs.*? One of the proteins 
is NF90/Nuclear Factor Associated with double-stranded RNA (NFAR), which 
is a dsRNA-binding protein similar to DGCR8. NF90 forms a heterodimer with 
NF45, which is also involved in the 2-MDa Drosha complex, and is called nuclear 
factor of activated T cells (NFAT).*° In 293T cells transiently overexpressing both 
NF90 and NF45 proteins, the NF90 and NF45 complex binds to pri-miRNAs more 
strongly than DGCR8 owing to its overexpression and inhibits the processing 
of pri-miRNAs into pre-miRNAs.*! These data suggest that the NF90 and NF45 
complex may function as a negative regulator of the Microprocessor complex.*! 
Nevertheless, how the NF90 and NF45 complex involved in the 2-MDa Drosha 
complex negatively regulates the function of the Microprocessor complex (the 
600-kDa Drosha complex) in normal and cancer cells remains unclear. After the 
processing of pri-miRNAs into pre-miRNAs, pre-miRNAs are transferred from 
the nucleoplasm to the cytoplasm by Exportin-5 (Exp-5/XPO5) in the presence 
of Ran-GTP cofactor.*? Subsequently, cytoplasmic pre-miRNAs are processed 
by a complex consisting of Dicer, which is a cytoplasmic RNase IM, TAR RNA-binding 
protein (TRBP), and protein activator of protein kinase PKR (PACT) into a 
mature double-stranded miRNA of 21 to 25 nucleotides, which has 3’ overhangs 
of 2-nucleotides and 5’-monophosphate groups.***> Also, Exp-5 exports Dicer 
mRNA from the nucleus to the cytoplasm and regulates its protein expression 
levels.4° TRBP and PACT proteins contain dsRNA-binding sites and are associated 
with the processing of miRNA and shRNA into siRNAs by Dicer in a different 
manner. Whereas PACT activates PKR without dsRNA,* 48 TRBP is an inhibitor 
for PKR.*? Recent reports demonstrate that PKR is involved in the RNA-induced 
silencing complex (RISC) containing PACT and TRBP.*3° However, the function of 
PKR in the RNAi machinery remains largely unknown and thus is an area requiring 
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further investigation. The siRNA guide strands from mature miRNAs recognize 
imperfect sequences of mRNAs, which are usually located in 3’-UTRs, and are 
incorporated into the RISC containing an endonuclease, Argonaute 2 (AGO2). 
Argonaute 2 is the only member of the Argonaute subfamily of proteins, which 
contain a PAZ domain required for miRNA/siRNA binding and have RNaseH 
endonuclease activity,>! which catalyzes direct mRNA cleavage in the RISC com- 
plex and mediates translational inhibition.!°:!! In addition, miRNAs with perfect 
complementary sequences to target sites in mRNAs are believed to induce mRNA 
degradation, similar to siRNAs.°2°3 


4. Posttranscriptional Gene Silencing by ncRNAs 


Short interfering RNAs are chemically synthesized RNA duplexes of 21 to 23 nucle- 
otides with 3’ overhangs of 2 nucleotides that are transported as dsRNAs into cells 
by direct lipofection procedure or delivered into target cells via vector systems. In 
particular, a simple procedure to introduce siRNAs into mammalian cells is to use 
cationic lipid transfection agents, generating approximately 500nm lipoplexes; the 
complexes are composed of DNA and liposomes.°*>> The lipoplexes containing large 
amounts of siRNAs (in the range of 107 to 10° molecules per cell) are transfected cells 
by standard transfection protocols, targeting approximately 10! to 10* molecules of 
mRNAs.** A fluorescent resonance energy transfer-based visualization method shows 
that siRNAs are accumulated into the nuclei within 4h.°° Exogenous siRNAs target 
complementary mRNAs and mediate posttranscriptional gene silencing for cleavage 
and the degradation of target mRNAs. To maximize the effect of posttranscriptional 
gene silencing by siRNAs, the guide strand of the siRNA needs to perfectly or nearly 
perfectly form to the target mRNA by Watson-Crick base-pairing, resulting in the 
cleavage of the mRNA by the RISC.°” 

Short hairpin RNAs are the precursor of siRNAs, defined by base-paired stems and 
a loop region." The nucleotide sequence for an shRNA is cloned into plasmid DNA 
under the U6 or H1 promoter activated by RNA polymerase III>*? and is delivered 
into target cells by lipoplexes using vector systems. To analyze gene silencing and 
protein expression, cells are transduced with plasmid DNAs in the range of 10° to 10° 
molecules per cell to transduce cells, according to the manufacturer’s instructions of 
lipofection reagents. The cellular uptake of plasmid DNAs into cells is approximately 
45% of the transfected dose, which is equivalent to 10° molecules of plasmid DNAs.°° 
Of transfected plasmid DNAs, approximately 1-5% of plasmid DNAs are transferred 
into the nuclei.©-°! Thus, larger amounts of shRNA-expressing plasmid DNA are 
required for gene silencing analysis when using plasmid DNA. Expressed shRNAs 
such as pre-miRNAs are transported by Exp-5 from the nuclei to the cytoplasm and 
are processed by Dicer into siRNAs. AGO2 is responsible for cleaving the antiguide 
strand of siRNA during RISC activation,” leading to subsequent degradation of the 
cleaved mRNA transcript by cellular exonucleases and mediating posttranscriptional 
gene silencing. Thus, the RNAi pathway mediated by siRNAs and shRNAs are related 
with the pathway of cellular miRNA biogenesis. 
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A prudent approach for the application of RNAi is to identify potent shRNAs that 
are capable of downregulating target mRNAs. In addition, a major goal is to properly 
express potent shRNAs at low levels and sustain gene silencing in target cells.® More- 
over, efficient gene delivery tools are required for RNAi studies.°? When ncRNAs are 
properly designed and delivered into target cells, RNAi will be a powerful approach 
for the analysis of gene function and the treatment of a variety of acute or chronic 
diseases.°>-4 Although the phenotypes of gene silencing are observed by transfection 
of siRNAs or plasmid vector-derived siRNAs, higher amounts of chemically synthe- 
sized siRNAs or shRNA-plasmid DNAs are required for in vivo analysis. For exam- 
ple, intravenous administration of shRNA-expressed adeno-associated virus vectors 
at 10! particle doses resulted in liver toxicity (36 of 49 mice; 73%) and caused death 
within 2 months (23 of 49 mice; 47%) as a result of saturation of Exp-5 and subse- 
quent inhibition of endogenous pre-miRNA nuclear export.® Thus, gene delivery vec- 
tors using much lower amounts of ncRNAs will be needed for effective RNAi delivery 
without toxicity to cells in RNAi-mediated gene therapy. 


5. Adenovirus Vectors for ncRNA Gene Delivery 


Human adenoviruses (HAdVs) are nonenveloped viruses containing double-stranded 
DNA and the biology of species C HAdV serotype 5 (HAdV-C5) is relatively well 
characterized.®° The advantages of this virus as vector include efficient transduction 
of target cells at a low multiplicity of infection (MOD), well-established methods for 
manipulation and propagation,®’ and relative safety because the viral genome is not 
integrated into the host genome.®*©? Human adenovirus C5 is amplified in infected 
cells at much higher titers (approximately 10!! plaque-forming units [PFU]/ml), 
which is critical for in vivo gene delivery and clinical applications, compared with 
retroviruses (approximately 10° to 107 PFU/ml). Also, they are stable during the pro- 
cess of concentration and purification by cesium-chloride ultracentrifugation.’° They 
can deliver large therapeutic genes,’'-’* up to approximately 37 kb.” The HAdV-C5 
vectors more effectively accomplish transient expression of transgenes compared with 
other gene delivery vehicles.’* Therefore, HAdV-C5 vectors have been widely used 
as transgene delivery vectors in the research fields of gene therapy and basic science. 
Human adenovirus C5 vectors are one feasible vehicle to deliver ncRNAs as well as 
protein-coding genes in mammalian cells. 

Initially, the first-generation HAdV vector was tested to examine the gene-silencing 
effect of shRNA for enhanced green fluorescent protein (eGFP) (siGFP) using the 
cytomegalovirus (CMV) promoter, controlled by RNA polymerase II, and a full- 
length simian virus 40 (SV40) polyadenylation signal.’> However, there was no effect 
on gene silencing of eGFP.75 On the other hand, siGFP, which is inserted within six 
base pairs from the transcription start site of the CMV promoter followed by a syn- 
thetic minimal polyadenylation signal, reduced the target mRNA and protein expres- 
sion in cells. By analyzing the gene silencing effects at different lengths of spacer (a 
spacer of 9, 12, or 21 nucleotides), it was found that the spacer was critically important 
for functional gene silencing by the CMV promoter controlled by RNA polymerase 


744 Adenoviral Vectors for Gene Therapy 





II, along with a synthetic minimal polyadenylation signal.” In addition to cell lines, 
first-generation HAdV vector expressing siGFP and shRNA for a-glucuronidase medi- 
ated gene silencing in the brain striatal region of eGFP-transgenic mice and in the 
mouse liver, respectively.’° 

The use of RNA polymerase II-based promoters can be a promising strategy for 
ncRNA delivery. However, optimization will be required to transcribe a short length 
of nucleotide sequences. The human H1 promoter controlled by RNA polymerase III, 
which efficiently transcribes ncRNA, was tested in an HAdV vector, pAdEasy-1 (Agi- 
lent Technologies, Santa Clara, CA).’° Human adenovirus-mediated delivery of shRNA 
for tumor suppressor p53 downregulated its protein expression in different cell lines.” 
In addition to human H1 promoter, mouse U6 and human U6 promoters were tested to 
examine the RNAi effect of an shRNA for glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (shGAPDH).’’? The human H1 promoter-mediated shGAPDH effectively 
reduced approximately 88% of GAPDH expression compared with the human U6 and 
the mouse U6 promoters in primary murine culture cell line, whereas the mouse U6 
promoter was more effective in downregulating its target mRNA (approximately 76%) 
in mouse NIH3T3 cells compared with the human H1 and the human U6 promoters.” 
Currently, efficient HAdV expression kits to insert ncRNAs have been developed and 
are available from some companies. A list of HAdV vector systems for noncoding gene 
delivery is presented in Table 1. 


Table 1 Academically and Commercially Available 
HAGdV Vector Systems 


pShuttle Vector 


Promoter 


Adenoviral 
Plasmid 


Method 


Reference or 
Source 





pShuttle-H1 


pAd shRNA/H1, 
pAd shRNA/hU6, 
pAd shRNA/mU6, 
pSIREN 


pENTR/U6 


pRNA-H1.1/ 
Adeno, 
pRNAT-H1.1/ 
Adeno, 
pRNATin-H1.2/ 
Adeno 
pRNA-U6/Shuttle 





Human H1 


Human H1, 
Human U6, 
Mouse U6 
Human U6 
Human H1 


Human H1 


Human U6 





pAdEasy-1 


pAdEasy-1 


pAdeno-X 


pAd/BLOCK- 
iT-DEST 
pAdEasy-1 





Homologous 
recombination in 
Escherichia coli 
strain BJ5183 

Homologous 
recombination in 
BJ5183 

In vitro ligation 


Gateway system 
Homologous 


recombination in 
BJ5183 


In vitro ligation 





74 


Clontech Labo- 
ratories, Inc. 

Life 
Technologies 

Genscript USA, 
Inc. 


Genscript USA, 
Inc. 
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6. In Vivo Delivery of ncRNAs Using Adenoviral Vectors 


A first-generation HAdV vector was tested to examine in vivo processing of 
shRNA, accumulation, functional kinetics, and side effects related to shRNA sat- 
uration of the cellular gene-silencing machinery.’® Murine adenosine triphosphate 
(ATP)-binding cassette multidrug resistance protein 2 (Abcc2/MRP2/cMOAT) is 
a liver export pump located in the canalicular membrane of hepatocytes and is 
responsible for secretion of conjugated bilirubin to bile.’?-*! Intravenous injection 
of an HAV vector expressing shRNA for Abcc2 (shAbcc2) at 2.0 x 10° infective 
units showed that functional gene silencing of Abcc2 was detectable for up to 
3 weeks in C57BL/6 mice and is related with increased bilirubin levels in serum.’® 
Abcc2 mRNA were detected at normal levels in the liver at 24 days postadminis- 
tration, resulting in bilirubin clearance observed by 24 days postadministration.’® 
Although processed siAbcc2 in the mouse liver was accumulated and detected 
for up to 150 days postadministration,’* it was rendered nonfunctional by 24 days 
postadministration in the liver. Thus, the bilirubin clearance resulted from an 
alternation of siAbcc2 function rather than disappearance of siAbcc2 from the 
liver.’® Also, overexpression of exogenous shAbcc2 in vivo did not interfere with 
processing or accumulation of endogenous miRNAs.’® Thus, these experiments 
concluded that overexpression of shAbcc2 mediated by HAdV vector did not alter 
miRNA biogenesis, accumulation, or the functionality of RNAi machinery. On the 
other hand, these experiments presented the following points to RNAi therapy: 
(1) Gene-silencing effects of shAbcc2 were not detected in the liver when using 
lower amounts than 2.0 x 10° infectious units of the HAdV vector; therefore, side 
effects by HAdV vector-mediated RNAi therapy will be undetectable in unwanted 
tissues. (2) There is a threshold amount of siRNAs needed to achieve gene silenc- 
ing. Also, oversaturation of therapeutic ncRNAs may inactivate RNAi per se. 
Whether a threshold model is fitted into endogenous and exogenous miRNAs 
remains unclear. Even if endogenous miRNAs are expressed in cells, and their 
miRNAs are expressed at lower levels than the threshold amounts, they may be 
nonfunctional. In addition, the threshold amount of each ncRNA may be deter- 
mined by the amounts of target mRNAs. (3) Because amounts of siAbcc2 were 
decreased in the liver by 24 days postinjection, human H1 promoter functions in 
the liver for short time periods followed by inactivation of the promoter. Therefore, 
human promoter(s) may not be suitable for long-term in vivo murine analysis. In 
summary, more effective promoters will be required for long-term RNAi therapy. 

In addition to a first-generation HAdV vector, helper-dependent HAdV vectors 
carrying shRNAs have been tested to examine gene-silencing effects in vivo.®2-8° 
Intravenous administration of helper-dependent HAdV vector carrying shRNA for 
fatty acid-binding protein 5 (FABP5) at 1.0 x 10!! viral particles resulted in reduc- 
tion of its target protein by approximately 75% for 1 week in the liver of CS7BL/6J 
mice without inflammatory infiltration and toxicity.8? However, the injection of 
2.0x10!! viral particles caused harmful side effects, toxicity in the liver, and 
activated cellular antiviral defense pathways as a result of the high expression 
level of shRNA for FABP5 (shFABP5).8? Thus, these experiments indicated that 
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optimization of vector dose is necessary for maximizing knockdown efficacy 
without cytotoxicity mediated by the vector’?*+ and that the shRNA design is 
important to avoid activation of interferon response through Toll-like receptor 7.8? 
Moreover, miR-122 and lethal-7a (let-7a) were examined by Northern blot analysis 
to investigate whether overexpression of shFABP5 in the liver inhibits expression 
of cellular miRNAs.** miR-122 is highly expressed in the adult liver,855-87 where 
it accounts for more than 70% of all miRNAs*®> and functions as a regulator of 
fatty-acid metabolism in mouse studies.*’*° On the other hand, /et-7a is a member 
of a larger class of miRNAs,*>-°° a developmental key regulator,°! and is highly 
overexpressed in the adult lung tissue. Overexpression of shFABP5 mediated by 
helper-dependent HAdV vector administrated at 2.0x 10!! viral particles did not 
interfere with gene expression of these miRNAs in the liver.8? Because mature 
miRNAs were expressed in the liver, whether cellular miRNA biogenesis is inhib- 
ited by exogenous shRNAs remains to be elucidated. Another example is when 
a helper-dependent HAdV vector carrying an shRNA for sterol regulatory ele- 
ment-binding protein-1 (SREBP-1) was tested to examine the functionality of the 
vector in vivo. Overexpression of shRNA for SREBP-1 reduced over 90% of tar- 
get protein expression in the liver of C57BL/6J mice for approximately 1 week.*? 
Also, it decreased more than 90% of target protein expression for 3 weeks in the 
liver of an animal model of obesity and type 2 diabetes, the db/db mouse (leptin 
receptor deficient). Liver toxicity was not observed in both kinds of mice after 
the vector administration at 1.0 10!! viral particles.5 Together, gene-silencing 
effects for endogenous gene mRNAs and/or downregulation of endogenous pro- 
teins mediated by HAdV vectors were observed in mice. However, RNAi in vivo 
was detected at limited ranges of viral particles.’*°2:83 Thus, the use of conven- 
tional HAdV vectors seems to be restricted in obtaining effective silencing of 
endogenous mRNAs in vivo, which potentially limits their effectiveness in certain 
therapeutic settings. 

Ribonucleic acid interference in vivo was observed for limited periods.’**?83 On 
the other hand, human Factor IX expression in the serum obtained from C57BL/6 
mice intravenously injected first-generation HAdV vector (2.0 x 10° transducing 
particles) as well as helper-dependent HAdV vector continued to be detected over a 
period of 1 year.?> In comparison, posttranscriptional gene silencing effects mediated by 
conventional HAdV-C5 vectors (first-generation and helper-dependent HAdV vectors) 
were observed in vivo for only short time periods as described above. Indeed, a major 
limitation of the use of HAdV vectors is the host immune response.°*®” First-generation 
HAdV vectors induce an innate immune response that results in inflammation of infected 
tissues and efficient clearance of administered vectors.?’ Although helper-dependent 
HAGV vectors show lower side effects in the liver and vector-directed T cell responses,”® 
they also induce innate and adaptive immune responses in DBA/2 and Balb/c mice.8+8 
In contrast to adaptive immunity, the innate immune response results from the HAdV 
particles per se and does not need viral gene expression.’’ A study suggested that 
transfection of viral-associated (VA) RNAs that were synthesized in vitro induced 
a signal pathway for innate immune responses in a cell culture model.°? In addition, 
comparative analysis using a VA-deletion mutant (VAI- and VAII-) suggested that VA 
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RNAs are capable of inducing type I interferon in infected cells.!°° Because VAI RNA 
is also considered to be an RNAi inhibitor in infected cells, its elimination will be 
needed for long-term RNAi function. 


7. MicroRNA-Mediated Regulation of Adenovirus 
Vector Tropism 


The development of replication-deficient and replication-competent HAdV vectors for 
transgene expression and oncolysis, respectively, has been under way for many years 
to customize those vectors for experimental and therapeutic purposes. We essentially 
focus on controlling gene expression to specific target cells, reducing viral immunoge- 
nicity, increasing efficacy, and decreasing cytotoxicity to normal tissues. For the best 
therapeutic benefit, HAdV vectors should be delivered into specific target cells while 
avoiding sequestration in other organs or toxicity from infection of unwanted cells. 
Many strategies have been tested to target the tissue tropism for gene therapy using 
transcriptional targeting and transductional targeting.!°!:!°? Studies have shown that 
tissue-specific or tumor-specific miRNAs offer promising tools to control the tropisms 
of transgene expression,!°* leaky virus gene expression,!* and replication-competent 
adenoviruses, 105-108 

To examine whether endogenous miRNAs related to tissue lineage and differentiation 
state mediate gene silencing through multiple artificial target elements, recombinant 
lentiviral vectors containing multiple target elements inserted into the 3’-UTR of 
the reporter gene were developed.! This article provided us a few important lessons in 
developing miRNA-regulated HAdV vectors.!0:!95:106.108 (1) The silencing of the 
reporter gene expression depends on a threshold value of miRNA expression in cells. 19° 
Even if miRNA is detectable in cells, the gene-silencing effect will not function 
effectively if at all in cells expressing miRNA at low levels. Therefore, validation 
of miRNA target elements is required in a variety of cells including target cells. 
(2) Although a conventional lentivirus vector expressing eGFP transduced Kupffer 
cells and hepatocytes in the liver through intravenous administration, eGFP signal 
was eliminated in most Kupffer cells and hepatocytes infected with a recombinant 
lentivirus vector expressing combinatorial miRNA target elements for liver-specific 
miR-122a and hematopoietic cell-specific miR-142-3p.!° Thus, a strategy using 
combinatorial miRNA target elements can more effectively and nearly completely 
block leaky expression of therapeutic genes in unwanted multiple tissue types. Based 
on this evidence, miR-122a-target sequences were examined in HAdV vectors. 

Intratumorally injected HAdV vectors are disseminated into systemic circulation, 
resulting in severe hepatotoxicity owing to effective transduction to the liver. ! 10-114 To 
examine whether miR-122a-target elements can mediate reduction of a reporter pro- 
tein expression in the liver, an HAdV vector expressing firefly luciferase with inserted 
miR-122 target elements (Ad-L-122aT) was intratumorally administrated at 3.0 x 10° 
or 3.0 x 10!° viral particles into murine melanoma B 16 tumors of mice.! Ad-L-122aT 
reduced luciferase expression in the liver by 130- to 1500-fold compared with that of the 
control virus. Next, an HAdV vector carrying the herpes simplex virus thymidine 
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kinase (HSV-tk) gene and miR-122a-target elements (Ad-tk-122 aT) was tested to 
examine therapeutic efficacy in B16 cells and hepatotoxicity.'°° The suicide gene 
therapy strategy against B16 cells using Ad-tk-122aT and ganciclovir showed 
antitumor effect to the B16 cells with reduced hepatotoxicity.!°> Thus, the use of 
miR-122a-target elements provided enhanced safety to hepatocytes and increased 
the specificity of suicide gene therapy. In addition to the first-generation HAdV 
vector, miR-122a—regulated conditionally replicating adenoviruses (CRAds) were 
developed by inserting the miR-122a target elements into the 3’-UTR of the Ela 
gene!05107 or the Ela/firefly luciferase fusion gene.!* Initially, Dr. Ylosmaki 
et al. adapted miR-122a target elements to regulate gene expression of Ela-A24 
protein and developed the CRAd Ad5/3-A24-122.!° The insertion of miR-122a 
target elements resulted in reduction of ELA mRNA and protein in the hepato- 
cellular carcinoma cell line Huh7 cells, highly expressing miR-122a, infected at 
an MOI of 0.05 PFU/cell but not human lung carcinoma A549 cells. Although 
95% of the cells are uninfected at an MOI of 0.05 PFU/cell, according to Pois- 
son distribution, the insertion of miR-122a target elements significantly reduced 
E1A mRNA and protein in Ad5/3-A24-122-infected Huh7 cells compared with 
Ad5/3-A24 (control)—infected Huh7 cells.!°> However, the insertion of miR-122a 
target elements did not inhibit late viral protein expression in Ad5/3-A24-122-infected 
Huh7 cells as well as Ad5/3-A24—infected cells.!°° These data suggested that E1A 
protein may be expressed at undetectable levels in infected cells and further atten- 
uation is required for preventing CPE induction in Huh7 cells.!® In addition to the 
in vitro study, !° areplication-competent adenovirus carrying the Ela and firefly lucif- 
erase fusion gene controlled by miR-122a target elements (Ad5 El A-Luc-mir122) 
was tested in vitro and in vivo.!° The insertion of miR-122a—binding sites achieved 
dramatic attenuation of El A-luciferase fusion protein expression in Huh7 cells and 
the liver of Balb/c mice. To examine hepatotoxicity, 5.0 x 10!° viral particles, which 
are a potentially lethal dose, were administrated to Balb/c mice. The intravenous 
administration of Ad5 El A-Luc-mir122 decreased E1A-luciferase expression up to 
approximately 80-fold in the liver at 72h postinjection compared with Ad5 E1A- 
Luc.!°8 Also, miR-122a target elements reduced genome replication in the liver by 
approximately 50-fold and clearly abrogated liver toxicity was shown by reduced 
levels of alanine aminotransferase and aspartate aminotransferase in serum. These 
data suggested that posttranscriptional gene silencing strategy is useful for control 
adenoviral Ela gene expression in vitro and in vivo. Also, miR-122a target elements 
are a feasible tool to reduce EIA protein-mediated liver toxicity. 

Tumor-specific promoters such as the human telomerase reverse transcriptase 
(hTERT) promoter,!° the cyclooxygenase-2 gene promoter,!!> and the midkine gene 
promoter!!® are promising tools for transcriptional targeting to achieve the selective 
replication between cancer and normal cells. On the other hand, a study demonstrated 
that a CRAd controlled by the hTERT promoter replicates in normal cells.!°° There- 
fore, target sequences for several tumor-specific miRNAs, miR-143, miR-145, miR- 
199a, and /et-7a, were tested along with the hTERT promoter in CRAds to enhance 
the safety of the CRAd strategy.!°° Although replication of these viruses was not 
examined in infected normal cells, the combination of miRNA-target elements and 
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the hTERT promoter resulted in reduction of viral genome replication in normal 
cells compared with the control.!°° Thus, the data suggest that posttranscriptional 
gene silencing along with transcriptional targeting can improve the safety of CRAds. 
Collectively, miRNA strategy is a potential approach to achieve selective gene expression 
in vitro and in vivo. In particular, miR-122a target elements are suitable for eliminating 
hepatotoxicity in vivo.!93.108 


8. Adenoviral Virus-Associated RNAs 
and Their Biogenesis 


In 1966, the presence of a low-molecular-weight RNA was shown in HAdV-C2- 
infected KB cells but not uninfected cells.!!? This RNA was designated VA RNA, 
readily detected in infected cells and expressed in the cytoplasm.'!® The nucle- 
otide sequence and predicted secondary structure of a VA RNA (5.5S), which is 
equivalent to VAI RNA, from HAdV-C2 were reported.!!° In addition to VAI RNA, 
VAII RNA (5.2S) was isolated from HAdV-C2-infected cells and the gene encod- 
ing VAII RNA was identified as downstream of the VAI RNA gene.!?0-121 Both 
VA RNAs are detected at 2h postinfection; thus, their synthesis starts before viral 
DNA replication.!2° At 2h postinfection, VAI and VAII RNAs account for approx- 
imately 6x 10° and approximately 2x 10° molecules, respectively, per infected 
HeLa cell.!?0-122 Whereas the synthesis of VAI RNA is increased after onset of 
viral DNA replication, that of VAII RNA is already saturated.!° At 14h postinfec- 
tion, VAI and VAII RNAs account for approximately 108 and approximately 107 
molecules, respectively, per infected HeLa cell.!?°-!??-!?4 Transcription analysis of 
HAdV-C2 VAI RNA shows that it contains two initiation sites for transcription at 
nucleotide (nt) position 10,607 and at nt position 10,610 producing VAI(A) and 
VAI(G) RNAs, respectively.!*> The latter is the major product of VAI RNA and 
accounts for approximately 75% of the total VAI RNA amounts.!”> On the other 
hand, the transcription VAII RNA starts at nt position 10,866. Virus-associated I 
RNAs of HAdV-C2 and C5 are well characterized and are about 160 nucleotides 
in length as well as GC-rich. The secondary structures of VA RNAs, consisting of 
three kinds of domains—the terminal stem, apical stem loop, and central domain— 
are well conserved in VA RNAs of all HAV serotypes.!*° Virus-associated RNAs 
are transcribed by RNA polymerase III through their own promoters. !?°-!27.128 
Using a cell-free in vitro transcription assay for HAdV-C2 and HAdV-C5 VAI 
RNA deletion constructs, an element (+9 to +72) required for its transcription was 
identified within the VAI RNA-encoding gene.!2° Also, this experiment revealed a 
few important characteristics of VA RNAs. The 5’-flanking sequences of the VAI 
RNA gene are more effective as a transcriptional element than the equivalent VAH 
RNA gene sequences.!*? In addition, the VAI RNA gene reduces expression of 
the VAI RNA gene.!2? This phenomenon may result from a competition for the 
limited factor(s) required for their transcriptions, resulting in further reduction of 
the VAII RNA gene expression level.!2° Therefore, the nucleotide sequence for the 
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VAI RNA gene is considered to be a strong competitor of VAII RNA transcrip- 
tion.!2° Subsequently, two elements, element A (+10 to +18) and element B (+54 
to +69), required for the transcription of the VAI RNA gene, was determined in 
the intragenic promoter sequences.!2° Virus-associated RNAs are mainly local- 
ized in the cytoplasm of infected cells, where they accumulate at high levels. 
Exportin-5 binds to HAdV-C5 VAI RNA and transports it from the nuclei to the 
cytoplasm. !3!-!52 


9. Inactivation of Protein Kinase R by VAI RNA 


The first hint as to the function of VA RNAs came from the analysis of a VAI-de- 
leted HAdV, d1331, which contains a deletion of 28 base pairs in the Box B ele- 
ment of the VAI RNA gene promoter. The lack of VAI RNA resulted in dramatic 
suppression of viral replication in infected cells.!°> The defect mediated ineffi- 
cient synthesis of viral proteins during the late phase of infection,!**:!%> result- 
ing from phosphorylation of eukaryotic initiation factor-2 (eIF-2) through protein 
kinase R (PKR) (interferon-induced, dsRNA-activated protein kinase, or eukary- 
otic translation initiation factor 2-a kinase 2 [EIF2AK2]). Eukaryotic initiation 
factor-2 is composed of three subunits, a, B, and y, and functions as a transla- 
tional control.!3°!37 At the early stage in the initiation process of translation, 
eIF-2 binds the initiator transfer RNA (Met-tRNA) in a guanosine triphosphate 
(GTP)-dependent manner to form the ternary complex, which interacts with the 
40S ribosomal subunit. Subsequently, the complexes bind mRNA and the 60S 
ribosomal subunit for translation. Once the initiation process of translation is 
completed, eIF-2 is released from the ribosome, lacking Met-tRNA, binding gua- 
nosine diphosphate (GDP) instead of GTP. The eIF-2-GDP complex is an inactive 
form and is converted to an active form (the e[F-2-GTP complex) by phosphory- 
lating GDP to GTP via guanosine nucleotide exchange factor (eIF-2B) for another 
round of translation initiation. Thus, e[F-2 is required for the initiation of trans- 
lation. In wild-type adenoviral-infected cells, PKR is thought to be activated by 
dsRNAs, which is produced as a result of the symmetric transcription of the viral 
genome. !38-!39 However, VAI RNA directly binds to PKR and inhibits not only 
its autophosphorylation but also its kinase activity.!°°-!+! Therefore, the VAI 
RNA-mediated inactivation of PKR allows the synthesis of viral proteins in wild- 
type infected cells. In contrast to wild-type infected cells, PKR is activated in 
d1331-infected cells evidenced by its autophosphorylation and subsequent phos- 
phorylation of the eIF-2a subunit, resulting in inhibition of viral protein synthesis. 
Collectively, VAI RNA is necessary for effective synthesis of viral proteins and 
blocks the antiviral defense of the host via the PKR pathway. On the other hand, 
VAII RNA does not block PKR activation as effectively as VAI RNA or may not 
impair it.!°° Therefore, VAII RNA is considered to exhibit either only limited abil- 
ity to block PKR activation or not to have an intrinsic function to inhibit RKR 
activation. 
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10. Virus-Associated I RNA as an RNAi Inhibitor 


In 2004, Lu et al. reported that transient expression of HAdV-C5 VAI RNA is capable 
of partially blocking the function of Exp-5 to transfer pre-miRNAs from the nucleus 
to the cytoplasm and competitively inhibits RNAi in transiently transfected cells. 14? 
In addition, HAdV-C2 and C5 VAI RNAs bind to Dicer,!4>143 blocking its function 
in processing cellular pre-miRNAs to mature miRNAs in vitro, and show an intrinsic 
capacity to inhibit RNAi in vitro.'** Thus, in vitro studies suggested that VAI RNAs 
function as an RNAi inhibitor owing to the hijacking of Exp-5 and Dicer, key com- 
ponents of the RNAi machinery.'*?-'** Human adenovirus C2 VAI RNA as well as 
HAdV-C5 VAI RNA are capable of inhibiting RNAi mediated by an shRNA or an 
miRNA in transiently transfected cells.!4>!43 Whereas HAdV-C2 VAII RNA did not 
inhibit RNAi in transiently transfected cells, the H1 promoter-driven HAdV-C2 VAII 
RNA blocked RNAi in transiently transfected cells.'*> Therefore, the result obtained 
using the Hl-promoter suggested that VAII RNA has an intrinsic capacity to inhibit 
RNAi.'*3 Of note, Dicer processed VA RNAs in vitro and in vivo, generating dif- 
ferent lengths of viral microRNAs (mivaRNAs).!4?:!4.145.!46 Interestingly, the most 
prominent mivaRNAs are made from the 3’-strands of VAI and VAII RNAs. !4?:!*5 The 
3’-strands of VAI and VAII RNAs are more efficiently incorporated into the RISC 
compared to cellular miRNAs!“ and account for approximately 80% of RISC-bound 
miRNAs at the late phase of infection in 293-Ago2 cells.!45 In particular, the 3’-strands 
of VAII RNA are preferentially detected in the RISC compared with those of VAI 
RNA.!*> Together, full-length VA RNAs and mivaRNAs are considered to block the 
key molecules involved in the RNA pathway and inhibit cellular miRNA biogenesis 
as competitor(s), respectively. 


11. Virus-Associated Il RNA 


To investigate the function of VAII RNA, VAII RNA-binding proteins were identified 
by Northwestern blot analysis.!*’ Virus-associated II RNA directly binds to RNA heli- 
case A and NF90, a component of the heterodimeric NFAT.'*7 Although NF45 was 
isolated along with RNA helicase A and NF90, it did not directly bind to VAII RNA. 
Therefore, NF45 was involved in the complex through NF90. Interestingly, Exp-5 was 
not isolated as a VAII RNA-binding protein by Northwestern blot analysis.!*7 Although 
Exp-5 transports NF90 along with VAI RNA from the nuclei to the cytoplasm, !?? the 
mechanism of transportation of VAII RNA from the nucleus to the cytoplasm remains 
to be elucidated. Whereas RNA helicase A interacts with siRNA, AGO2, TRBP, and 
Dicer and functions in the RNAi pathway,'** it is not required for RISC activity. 14° 
NF90/NFAR is activated by PKR!°° and is incorporated into the Drosha-a complex 
in the nuclei, but is not associated with the Microprocessor complex.°? Thus, VAII 
RNA interconnects the PKR and the RNAi pathways through NF90. However, the 
functional mechanism of VAII RNA in the PKR and the RNAi pathways remains to be 
elucidated as described above. 
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12. Virus-Associated—Deleted HAdV Vectors 
for RNAi Analysis 


Studies of viral biology including HAdV have reported that viral genomes encode 
functional genes to inhibit RNAi and that the gene products disturb key molecules in 
the RNAi machinery during productive infection. !4%!45-151-155 The HAdV-C5 genome 
encodes two kinds of VA RNAs: VAI RNAI and VAII RNAs.!?! Of these, VAI RNA is 
considered to be an RNAi inhibitor of exogenous ncRNAs.!'*? Because full utility of 
the current vector to analyze the function of ncRNAs would be limited, it is clear that 
new types of HAdV vectors containing deletion of the VA RNA genes are required for 
ncRNA and gene-silencing analyses. Two kinds of methods to generate VA-deleted 
vectors have been reported.!°°!°’ One method is to eliminate gene expression of VAI 
and VAII RNAs by deleting the Box B elements in their own promoters.!°’ However, 
inactivation of both VAI and VAII impairs viral growth in host cells.!58 Therefore, a 
VA-deletion vector (AdAVR) is not generated by transfecting its plasmid DNA in 293 
cells, which suggests that the AdAVR genome is noninfectious genome. Although 
the AdAVR vector was generated and propagated in a VAI RNA-expressing 293 cell 
line,!>’ it was not purified from VA-expressing 293 cells by cesium chloride ultracen- 
trifugation.!*’ Subsequently, the function of the AdAVR vector was compared with 
first-generation and helper-dependent HAdV vectors in cells stably expressing lucif- 
erase by comparing knockdown efficiency of shRNA for firefly luciferase (shFluc).!°° 
The AdAVR vector as well as helper-dependent HAdV vector downregulated the 
expression of firefly luciferase and improved knockdown efficiency by approximately 
10% compared with the first-generation HAdV vector. Interestingly, siFluc processed 
from shFluc as well as mivaRNAs was efficiently incorporated into the RISC in 
first-generation HAdV-infected cells.!°? 

Another strategy was to use the FLP-FRT homologous recombination system 
to excise the gene regions for VAI and VAII RNAs.!°° A first-generation AdV vec- 
tor called Pre-AdV vector contains two FRT sequences upstream and downstream 
of the VA RNA genes. Pre-AdV vector is initially propagated in 293 cells and then 
amplified in 293hde12 cells! that stably express humanized FLPe (hFLPe) recom- 
binase.!56 In 293hdel2 cells, the VA RNA genes are excised from the Pre-vector 
genomes by hFLPe recombinase, resulting in its circular form. Because VA RNAs 
seem to be expressed from circular VA RNA genes in AxdV-infected 293hde12 cells, 
VA-deleted AdV (AxdV) vector can be effectively produced in 293hde12 cells. In this 
vector system, a second infection in 293hde12 cells is required to obtain sufficient 
amounts of AxdV for purification by ultracentrifugation and minimize the contamina- 
tion of Pre-vectors.!°° In fact, 1-3% of VA RNAs were detected in the RNA samples 
extracted from AxdV vector-infected HuH7 cells by Northern blot analysis compared 
with VA RNA expression levels detected in Pre-AdV vector-infected cells.!°° Trans- 
duction efficiency, using EGFP as a reporter protein, was reduced approximately 90% 
because of the deletion of the VA RNA genes.!°° However, RNAi mediated by AxdV 
vectors carrying shRNAs for hepatitis C virus RNA was effective at a low MOI com- 
pared with its VA-intact vector.!°! In contrast to low MOIs, the use of AxdV vectors 
at higher MOI may interfere with gene silencing by VA RNAs originating from the 
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Pre-vector. Also, the analysis obtained from the AxdV vector system suggested that 
helper-dependent HAV vectors may have a potential problem in RNAi analysis when 
used at higher doses. 


13. Adenovirus Full-Length VA RNAs and VA RNA-Derived 
miRNAs Suppress Cellular Gene Expression 


In 2005, Andersson et al. reported that both VAI and VAII RNAs are processed by 
Dicer in vitro and in vivo, generating viral small RNAs which are identical with 5’- 
and 3’-strands.'*> Also, artificial experiments using the transcripts containing the com- 
plementary sequences for these strands demonstrated that both the 5’- and 3’-strands 
of VAI RNA are incorporated into the RISC, whereas the 3’-strand of VAII RNA is 
selectively incorporated during a lytic cycle of infection.'*> These results demonstrated 
that viral small RNAs generated from VA RNAs function as miRNAs, if the 3’-UTR of 
cellular mRNAs contain complementary sequences. In addition, Aparicio et al. identi- 
fied small RNAs derived from VA RNAs (svaRNAs) in HAdV-infected cells.!©* They 
showed that svaRNAs interacted with AGO-2 proteins and function as siRNAs under an 
artificial reporter assay.!°* Of VAI RNA produced in infected 293 cells, only an approx- 
imate 2-5% of VAI RNA were processed into svaRNAs.!° On the other hand, Xu et al. 
showed that Dicer processes VAI and VAII RNAs into different lengths of mivaRNAs; 
major products for VAI RNA are mivaRI-137 and -138 cleaved at the position 137 and 
138, respectively, whereas a major product for VAI RNA is mivaRII-138 cleaved at the 
position 138.14 Also, Xu et al. showed that Dicer preferentially processed VAII RNA 
compared with VAI RNA. Both mivaRNAs processed from VAI and VAII RNAs, along 
with an artificial reporter with their target sequence, were isolated from Ago-2-contain- 
ing complex.'*> Moreover, they examined small RNAs bound in the RISC in HAdV- 
infected 293-Ago2 cells by analyzing a small RNA cDNA library prepared from the Ago2 
protein-containing complexes.'*° mivaRIIs were present in approximately twofold more 
molecules than total small RNAs in the cytoplasm of infected cells and accounted for 
approximately 60% of total small RNAs incorporated into the RISC.!*> In their estima- 
tion, approximately 75,000 molecules of mivaRII-138, which was cleaved from approx- 
imately 1.5% of VAII RNA, were produced at the late phase of infection.'*> On the other 
hand, mivaRIs accounts for approximately 20% of total small RNAs incorporated into 
the RISC.!*> Approximately 80% of total small RNAs incorporated into the RISC were 
derived from VA RNAs at the late phase of infection.'+> These data suggested that the 
mivaRNAs of VAI and VAII RNAs are efficiently incorporated the RISC compared with 
cellular miRNAs.'*> Because mivaR-138 is associated with polyribosomes, !*> Xu et al. 
also suggested that mivaRNAs may function as miRNAs to downregulate cellular gene 
expression during productive infection. 

To investigate the target genes for mivaRNAs, microarray analysis was performed 
using a human cervix cancer cell line, HeLa cells, transiently expressing HAdV-C2 
VAI and VAII RNAs for 3days.!®? Using Affymetrix HG-U133-Plus2 microarrays 
containing 54,675 probes, transient expression of VA RNAs significantly altered 1099 
genes: 637 upregulated and 462 downregulated genes. TargetScan and Motif Locator 
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analyses suggested that the T cell intracellular antigen 1 (TIA-1) gene is a direct can- 
didate for mivaRI-138.!6 TIA-1 is a factor that activates apoptosis by regulating the 
RNA metabolism of some mRNAs that encode for proapoptotic molecules.!°* Com- 
parative experiments using mivaRI-138-expressing plasmid and a AVA mutant (d1331 
is a VAI-deleted mutant), and wild-type adenovirus also suggested that TIA-1 is a 
direct target for mivaRI-138 in infected 293 and HeLa cells. Also, the downregulation 
of TIA-1 was observed by 48h postinfection in wild-type (AdWT)-infected 293 cells 
compared with d1331-infected 293 cells.!©> Therefore, TIA-1 is considered to be a 
factor reduced after viral replication. In addition to TIA-1, VA RNAs and mivaRNAs 
modulated many cellular genes expression involved in cell signaling, cell growth, 
apoptosis, transcription, DNA repair, and RNA metabolism.! 

Using a first-generation HAdV-C5 vector deleting the region of the VA RNA genes 
(VA-deleted AdV!*°) and the VA-intact HAdV-C5 vector, the target genes of VA RNAs 
were examined by microarray analysis.'!© Hepatoma-derived growth factor (HDGF) 
was identified as a candidate for VA RNAs in A549 cells infected with AdV (VA+) or 
VA-deleted AdV at an MOI of 0.5 relative vector titer (rVT)/cell'® for 1 day postinfec- 
tion, but TIA-1 was not.!® Also, significant suppression of HDGF mRNA was observed 
in AdV-infected HeLa and a human hepatocellular carcinoma cell line, HuH-7 cells, 
compared with VA-deleted AdV. Although Kondo et al. found a putative site for mvaRI- 
138 in the 3’-UTR of the HDGF gene, they did not observe the suppression of the HDGF 
mRNA in 293 cells transiently expressing VA RNAs and a reporter plasmid carrying 
the 3’-UTR of the HDGF gene. Therefore, Kondo et al. suggested that its suppression 
may be mediated by full-length VA RNAs and does not result from gene silencing via 
mivaRNAs. Because the suppression of HDGF mRNA was detected at an early time 
point in AdV-infected 293 cells compared with VA-deleted AdV-infected 293 cells, 
they also suggested that full-length VA RNAs suppressed the HDGF gene expression 
per se by an unknown mechanism.!® Furthermore, VA-intact and VA-deleted AdVs 
carrying the HDGF cDNA gene controlled by the EFla promoter and artificial polya- 
denylation signal were generated in 293 cells or 293hde12 cells, respectively. This 
experiment’s data indicated that overexpression of HDGF protein did not essentially 
affect VA-deleted AdV viral production in infected 293hde12 cells. However, 293 
cells overexpressing HDGF restricted the VA-deleted AdV DNA production by 1 day 
postinfection in 293 cells, but not wild-type DNA replication.!© Therefore, HDGF 
suppression may be needed to effectively maximize the VA-deleted HAdV DNA rep- 
lication and to produce the viruses in 293 cells. Collectively, microarray analysis using 
first-generation HAdV vectors suggested that the full length of VA RNAs as well as 
mivaRI-138!° functions as suppressors of cellular gene expression.!© 


14. The PKR Pathway Rather than the RNAi Pathway 
Is Critical for Productive Infection 


One question regarding adenoviral replication is whether inactivation of the PKR path- 
way or the RNAi pathway is critical to achieve productive infection. Cellular and viral 
protein expression was drastically reduced in d1331-infected cells owing to blocked 
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translation initiation by active PKR-mediated eIF-2a phosphorylation. !2*:!59.!39.167 
Thus, VAI RNA per se is essential for viral protein expression in infected cells. The 
base substitution mutations in the 5’- or 3’-strand of VAI RNA were nondefective for 
viral growth and virus protein expression.!68 Also, these substitution mutants of VAI 
RNA retained the function of inactivating PKR, indicating no effect on viral protein 
synthesis.'°* In 2010, Bennasser et al. examined the relationship between adenovirus 
infection and the RNAi pathway in cells with the knockdown of Exp-5 and Dicer.*® 
dl-sub720 is a double mutant deleting the genes for VAI and VAII RNAs and shows a 
phenotype of translational defects in viral proteins.'®-!’! Therefore, dl-sub720 viral 
replication was dramatically suppressed in infected cells.!6°-170 Since the knockdown 
of Exp-5 and Dicer restored the defect of dl-sub720 DNA replication in cells with the 
knockdown of Exp-5 or Dicer,*° the RNAi pathway seems to be associated with pro- 
ductive infection of adenovirus. In 2013, Kamel et al. constructed and characterized 
recombinant HAdVs with substitution mutations in the seed sequences of the 5’- or 
3’-strands of the VAI RNA gene.!7? They also investigated whether mivaRIs are critical 
for achieving productive infection. These mutants, as well as wild-type and an isogenic 
VAI-expressed mutant, grew similarly in 293 cells.!7? Viral proteins were sufficiently 
expressed in the substitution mutants-infected cells.'’”* Therefore, they also concluded 
that mivaRIs are not essential for viral replication and viral protein expression. !? Inter- 
estingly, these base-substituted VAI RNAs were processed into small RNAs, resulting 
in incorporation into the RISC.!”? This data implied that these mutants still have the 
function of inhibiting exogenous shRNA and cellular miRNA biogenesis.!’ Therefore, 
the experiments using the base substitution mutants did not answer whether inhibition 
of cellular miRNA biogenesis is necessary for productive infection. Moreover, Kamel 
et al. examined whether the PKR or the RNAi pathway is essential to achieve productive 
infection. Although Dicer knockdown compensated for the defect in dl-sub720 DNA 
replication,*° it did not restore viral protein synthesis of dl-sub720.'” In contrast, gene 
silencing of PKR compensated for the defect of viral protein synthesis of dl-sub720.!72 
Therefore, they concluded that a suppressive effect of VAI RNA on the PKR pathway, 
rather than gene-silencing effects by VAI RNA and mivaRIs on the RNAi pathway, is 
critical to achieve productive infection. 


15. Conclusions and Future Directions 


There are numerous publications on functional analysis of ncRNAs or target genes for 
ncRNAs using conventional HAdV vectors, both first-generation and helper-dependent 
HAdV vectors. Also, CRAds controlled by miRNA-target sequences were reported to 
increase safety in the research field of cancer gene therapy. On the other hand, studies 
demonstrated that VA RNAs inhibit gene silencing or cellular gene expression in tran- 
siently expressed human cells. Microarray analysis showed that VAI RNA and miRI-138 
suppress cellular gene expression in adenovirus infected cells. A major problem is whether 
VA RNAs are critical when examining the function of exogenous ncRNAs or endoge- 
nous miRNAs. Based on this evidence, HAdV vectors lacking VA RNAs were developed 
and validated for RNAi analysis. However, there are many technical problems in these 
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processes: generation, propagation, purification, and transgene expression. To circumvent 
these limitations, we will need to develop novel VA-deleted vectors lacking RNAi inhib- 
itory activity. Moreover, conventional HAdV vectors mediate the gene-silencing effect 
only for short periods in vivo. The gene expression of HAdV VA RNAs is considered to 
be dramatically suppressed in mouse cells compared with human cells.!7> When we use 
conventional HAdV vectors, we may overestimate the gene-silencing potency of thera- 
peutic ncRNAs in in vitro and in vivo animal models. In addition, transcription and gene 
expression of HAdV VA RNAs in rodent animals remains unknown. Thus, the validation 
of ncRNA-expressed HAdV vectors is challenging and difficult because of a lack of char- 
acterization in critical animal models. There are some technological barriers to develop- 
ing novel HAdV vectors lacking not only RNAi inhibitory activity but also PKR activity. 
However, the novel HAdV vectors will be necessary for advances in RNAi analysis, basic 
science, cancer gene therapy, and ncRNA-mediated gene therapy. 
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1. Introduction 


Imaging instrumentation and software have experienced tremendous growth between 
2002 and 2015 since publication of the first edition of this book, and therefore imaging 
now offers even more potential for gene therapy applications. Faster instruments with 
higher resolution and ease of operation are widely available. There are new modalities, 
multimodality instruments, and many well-established methods for detecting the efficacy 
of gene therapy as well as to measure where transgenes are expressed in living subjects. 
The purpose of this chapter is to provide an overview of current and emerging imaging 
technologies, review how imaging has been applied to assess adenoviral-based gene 
therapy, and discuss genetic-based adenoviral imaging reporter systems with a focus on 
human applications. Selected preclinical examples of relevant reporter systems introduced 
since 2002 will also be discussed, although an in-depth overview of all adenoviral vector 
imaging applications is beyond the scope of this chapter. 

Imaging technologies all require electromagnetic energy; each modality uses different 
parts of the energy spectrum. The spectrum includes gamma rays, X-rays, visible and 
near-infrared light, ultrasonic (sound) waves, and radiowaves. These various photons 
of energy differ in their wavelength and, therefore, energy. Each imaging instrument 
is designed to detect a particular range of electromagnetic energy. For most imaging 
techniques, the instrument also generates the requisite energy for the imaging appli- 
cation, and the detection occurs after the photons interact with the imaging subject. In 
bioluminescence and nuclear or gamma-ray imaging, the requisite energy is provided 
by photons emitted during an enzymatic reaction or during radioactive decay, respec- 
tively, rather than by the instrument. 

For imaging to be useful there must be differences in the brightness of the image, 
or contrast, such that normal anatomy, function, or pathology can be appreciated. Each 
imaging modality achieves the contrast by a different mechanism. For gamma-ray 
imaging, the contrast is due to localized accumulation of radioactivity. Bone, soft 
tissues, and contrast-enhancing agents absorb the X-rays to a different degree, which 
leads to contrast for radiography and computed tomography (CT). Dual energy CT uses 
two different X-ray energies, with subtle differences in attenuation of the two energies 
for tissues and contrast-enhancing agents to improve image quality. Contrast is achieved 
in magnetic resonance imaging (MRI) because the local environment of the pro- 
ton is different in fat, water, and various soft tissues. With ultrasound (US), contrast 
is achieved because the reflectance of the ultrasonic wave is dependent on the tissue 
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architecture or blood flow. Contrast for optical imaging is provided by localized light 
emission, or fluorescence. Contrast for radiography, CT, MRI, and US can be increased 
by administration of an exogenous contrast-enhancing agent. Angiography is always 
better with a contrast agent, whether done by fluoroscopy, CT, MRI, or US. 


2. Review of Imaging Modalities 


Table | presents a list of imaging modalities, including those that are routinely applied 
in clinical imaging (in italics) and emerging technologies. Images are broadly classified 
as two dimensional (2D) or three dimensional (3D). For CT, single photon emission 
computed tomography (SPECT), and many optical modalities, the 3D presentation 
of images is accomplished by acquiring a series of 2D images of different views of 
the imaging subject, and then reconstructing the images into a 3D model provided by 
defined algorithms and transformations. Positron emission tomography (PET) uses 
coincidence algorithms to determine 3D locations of positron emitters, whereas US 
detects differences in the reflected sound waves of tissues and structures to determine 
depth and/or 3D location. MRI has data that are registered in 3D space as the signal is 
specifically generated in that way. 


2.1 Nuclear (Gamma-Ray) Imaging 


Gamma rays are the highest energy photons (shortest wavelength, highest frequency), 
arising out of nuclear events during radioactive decay. For in vivo applications, the 
best gamma rays are of low energy (100-511 keV) because they can penetrate tissues. 
Gamma rays in this energy range can also be efficiently stopped, and therefore measured 
by external detectors. Most human imaging procedures with radioactivity are accom- 
plished using 9°™Tc, which emits a 140keV gamma ray during decay. 9°™Tc has a 
6h half-life and is continuously available from generators at hospitals or at regional 
nuclear pharmacies. It is the decay product of 9®Mo (half-life = 66 h) and is eluted daily 
from the 9°Mo/?™Tc generator system, and therefore available at very high specific 
activity and low cost. 9°™Tc can be chelated (complexed) with various compounds that 
have different biological characteristics, or it can be attached to proteins. 

99mT¢ is typically imaged with a gamma camera that includes a collimator, a lead 
gamma-ray attenuator that is placed between the imaging subject and the gamma-ray 
detector. There are various types of collimators, some specific for low energy gamma 
rays, whereas others are thicker and designed for higher energy gamma rays. Examples 
of collimators are the parallel-hole collimator and the pinhole collimator. The parallel-hole 
collimator allows passage of gamma rays that are perpendicular to the plane of the 
collimator. In contrast, the pinhole collimator has a small round hole at the end that 
allows projection of the gamma rays onto the detector crystal, thus forming an image 
like a pinhole camera. Figure | presents images of an Ad5 vector encoding luciferase that 
was radiolabeled with 9™Tc and injected intravenously in four mice. Each mouse was 
positioned below the pinhole collimator at 10min after injection, and a static gamma 
camera image was collected. The gamma rays emitted from the animal were stopped 


Table 1 Clinical Imaging Modalities and Emerging Technologies 


Modality (Abbreviation)* 


Comments 


Advantages 


Disadvantages 





Ultrasound (US) 


Magnetic resonance imaging (MRI) 


Magnetic resonance spectroscopy (MRS) 
Planar X-ray radiography 


X-ray computed tomography (CT) 
Planar gamma camera imaging 


Single photon emission computed 
tomography (SPECT, SPECT/CT) 

Positron emission tomography (PET/CT; 
PET/MR) 

Bioluminescence (BLI) 


Bioluminescence (BLI) 
Fluorescence? 


Fluorescence molecular tomography (FLT) 
Intravital imaging, with fluorescence 
Endoscopic fluorescence imaging® 
Endoscopic confocal microscopy 
Photoacoustic imaging 

Raman spectroscopy 





Doppler, color Doppler, elasticity 


There are varied magnetic field 
strengths, in Tesla (T), ranging 
from 0.5 to 9.4T; 

BOLD, DCE-MRI, DWI 

Hyperpolarized imaging agents 

often part of multimodality 
instrument 

Varied voxel size and speed 

Variable collimators, multipinhole, 
single pinhole, parallel-hole 

Variable voxel size 


Variable voxel size 
+/— planar X-ray radiography 
+/— CT, +/- fluorescence 


+/- CT, +/— spectral unmixing 


Requires special animal models 


Multiple labels simultaneously 





Fast, high frame rate 


Robust, high 
resolution, many 
techniques 


Multiple metabolites 
Simple, fast 


High resolution 
Fast 


High resolution 
High sensitivity 


Fast, inexpensive 
multiple animals 

3D 

Fast 


3D 

Highest resolution 
Fast 

Highest resolution 
Rapid 

Multiple labels 





Requires great skill and 
experience 
Long imaging time, analyses 


complicated 
Expensive 
Ionizing radiation 


Ionizing radiation 

2D imaging, ionizing 
radiation 

Lower sensitivity, ionizing 
radiation 

Ionizing radiation 


2D 
Slow 
Limited tissue depth, 2D 


imaging 
Slow 


Limited field of view 








aftalics under modality indicates widespread applications in clinical imaging (human) and well as preclinical imaging in animal models. 
‘Commercially approved systems include Spy system (Novadaq), Firefly in de Vinci Robotic system (Intuitive); both use human-approved indocyanine green (ICG) fluorophore; and a 


fluorescent stereomicroscope (Leica). 


‘There is one commercial system currently approved for human imaging (Novadaq’s Pinpoint) using the ICG fluorophore. 
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Mouse #1 Mouse #2 Mouse #3 Mouse #4 


Figure 1 Gamma camera imaging of 9°™Tc-labeled Ad5 encoding luciferase following 
intravenous injection in 4 mice. 


by the detector crystal and visible light photons were emitted. These photons were 
captured by the photomultiplier tubes adjacent to the crystal, and converted to a voltage 
pulse. The X,Y location of the interaction event was recorded, as well as the magnitude 
of the voltage pulse (Z, pulse height), which was proportional to the energy of the 
gamma ray that was stopped. The 2D gamma camera image in this example showed 
the expected liver pattern of the Ad5 vector distribution. 

Proteins can be radiolabeled with "Tc for imaging applications. Most often, the 
°°mT¢ is attached to proteins with a bifunctional chelator. With this system the chelator 
is first attached to the protein, then the °»™Tc in complexed to the chelator in a separate 
step. An example was the 9°™Tc-labeling of Ad5 knob.! Besides °™Tc, other radionu- 
clides that are used for imaging include °’Ga, !!!In, !721, 15I, and !3!I (see Table 2). 
These radionuclides have different gamma-ray emissions; therefore, simultaneous 
imaging with °°"Tc is possible. 

The image presented in Figure 1 is a planar image that represents a 2D projection 
of the 9°™Tc-Ad5 at 10min after intravenous injection. SPECT is also possible with 
specialized gamma cameras that are routinely available in small animal imaging cores 
and nuclear medicine departments. SPECT is accomplished by collecting multiple 
images (or projections) at various angles around the subject; the detectors move while 
the subject remains static. A tomographic image of the distribution of the radioactivity 
is produced following reconstruction of these projections. 

Gamma camera imaging is differentiated from PET as PET can image only 
511keV gamma rays that arise from positron decay. PET is a 3D imaging technique 
for the indirect detection of positrons. Positrons are positively charged electrons that 
are emitted from a proton-rich nucleus during radioactive decay. The lifetime of posi- 
trons is relatively short since they undergo annihilation by combining with an electron, 
giving rise to two 511 keV gamma rays at opposite (180°) orientations. The 511 keV 
gamma rays are actually detected in PET, not the positrons. PET scanners have a 
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circular array of detectors that are designed to detect photons in coincidence, and the 
exact time of detection can be recorded. This means that during analyses it can be 
precisely known when two detectors at opposite orientations simultaneously detect 
the 511 keV gamma rays, arising from the positron annihilation event. Since various 
511 keV pairs of photons strike different opposite pairs of detectors, the location of the 
actual decay events can be determined when the image is reconstructed. PET scanners 
do not require collimators, since the coincidence detection method accomplishes the 
same objective. There have been many recent advances in SPECT and PET hardware.” 

Radionuclides that are used in PET imaging are proton rich and produced at cyclo- 
trons using charged-particle reactions. A list of common PET radionuclides is included 
in Table 2. Most PET radionuclides have short half-lives; therefore, production must 
be in close proximity to where imaging will be done. In addition, PET radionuclides 
such as !!C, }3N, and !50 are suitable as intrinsic labels for many molecules, thereby 
enabling imaging studies of the actual molecule of interest. For example, fatty acid 
metabolism could be imaged with the !!C-labeled fatty acid, where the !'!C replaced 
the normal !?C in the molecular structure. Intrinsic labeling of this type cannot be 
accomplished with 9°™Tc, since the radionuclide is not part of the molecule. A bifunc- 
tional chelate would be required for the °°™Tc to attach it to the fatty acid, and due to 
the size of the chelator the 9°™Tc-labeled fatty acid might have different in vivo uptake 
and elimination characteristics than the natural fatty acid. 


2.2 Optical Imaging 


Bioluminescence imaging (BLI) can be accomplished in 2D or 3D modes, and is 
based on detecting the location of expressed enzymes that emit light when reacting 
with their substrates. Most commonly bioluminescence is accomplished with lucif- 
erase and this technique is very efficient, sensitive, and low cost in animal models. 
Figure 2 shows the liver expression of luciferase after 7 days in the same mice that 
were injected with 9°™Tc-Ad5 encoding luciferase (Figure 1). There is a great utility 
of BLI for preclinical evaluation of gene therapy vectors.*+ Unfortunately, BLI cannot 
be accomplished in humans. 

Fluorescence imaging is an optical technique that can be easily accomplished in 
humans, currently in a 2D manner. In animal models it has 2D and 3D modes. The 
first fluorescent genetic reporter was green fluorescence protein (GFP). Now there are 
many different genetic reporters that span the visible spectrum (400-700 nm) and out 
to the near-infrared (NIR) range, for improved deep in vivo imaging.>° In vivo fluo- 
rescence imaging can be accomplished with fluorescent stereomicroscopes, fluores- 
cent endoscopes/laparoscopes, intraoperative cameras (Novadaq SPY system), and by 
light-tight boxes with charge-coupled device (CCD) cameras and appropriate filters 
(many commercial instruments). Spectral fluorescence imaging is now widely applied 
to improve sensitivity and specificity as autofluorescence signal can be removed when 
the specific fluorescence signal is “unmixed” from the overall fluorescence signal. 
Spectral imaging can be done with multiple filters or a tunable-wavelength filter sys- 
tem to cover the emission spectrum. Figure 3 presents an example of imaging mRFP 
in a conditionally replication-competent Ad vector targeting to HER2 in tumors.’ 
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Table 2 Common PET and SPECT Radionuclides Used in Imaging 


Energy of Emissions 


PET Isotopes 


Half-life 


Decay Modes 
(% Abundance) 


Relevant for 
Imaging, keV 
(% Abundance) 


Source 





llc 


BN 


150 


18R 


4Cu 


68Ga 


soy 


SPECT isotopes 


671Ga 





20.4 min 
10.0 min 
2.0 min 
1.8h 
12.7h 


1.1h 


3.3 days 





B+ (100%) 
B+ (100%) 
B+ (100%) 
B+ (100%) 
B- (38.5%) 
e (61.5%) 

e (100%) 


e (100%) 


e (100%) 


e (100%) 


e (100%) 


IT (99.99%) 
e (100%) 


e (100%) 
B- (100%) 





385.7 Bt (99.8%) 
511.0 y (199.5%) 
41.8 B* (99.8%) 
511.0 y (199.6%) 
735.3 Bt (99.9%) 
511.0 y (198.8%) 
249.8 B+ (96.7%) 
511.0 y (193.75%) 
278.2 Bt (17.6%) 
511.0 y (35.2%) 
836.0 Bt (87.9%) 
511.0 y (178.3%) 
394.1 B+ (1.1%) 
454.2 Bt (1.9%) 
509.4 Bt (1.3%) 
535.4 Bt (11.9%) 
681.1 B* (5.6%) 
767.8 B* (1.7%) 
883.3 B+ (3.6%) 
1436.8 Bt (2.0%) 
307.0 y (3.5%) 
382.9 y (3.6%) 
443.1 y (16.9%) 
511.0 y (64%) 
395.5 Bt (22.7%) 
511.0 y (45.5%) 
366.8 B+ (0.3%) 
687.0 Bt (11.7%) 
974.7 Bt (10.7%) 
511.0 y (45.0%) 


91.3 y (3.1%) 
93.3 y (38.8%) 
184.6 y (21.4%) 
209.0 y (2.5%) 
300.2 y (16.6%) 
393.5 y (4.6%) 
140.5 y (89.1%) 
171.3 y (90.7%) 
245.4 y (94.1%) 
159.0 y (83.3%) 
284.3 y (6.1%) 
364.5 y (81.5%) 





Cyclotron 
Cyclotron 
Cyclotron 
Cyclotron 
Cyclotron 
Generator 


Cyclotron 


Cyclotron 


Cyclotron 


Cyclotron 


Generator 
Cyclotron 


Cyclotron 
Reactor 
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Figure 2 Bioluminescence imaging of luciferase expression in liver of 4 mice at 7 days 
following intravenous injection of °°™Tc-labeled Ad5 encoding luciferase. 
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Figure 3 Fluorescence imaging (including spectral imaging) of mRFP following intratumor 
injection of a conditionally replicative Ad5 vector with mRFP fused to viral capsid protein IX. 


2.3 Magnetic Resonance Imaging and Magnetic Resonance 
Spectroscopy 


The signal of proton MRI is based on the unpaired proton, most abundant in water for 
in vivo applications. The physics of MRI was recently reviewed.® Typical clinical MRI 
instruments have a magnetic field strength of 0.5-3 T, but 7-9 T MRI instruments are 
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now more widely used. A low-field MRI with a permanent magnet for animal imag- 
ing was reported,’ and is available at relatively lower cost. MRI can achieve contrast 
in many ways, including T1-, T2-, and T2*-weighted images; additional techniques 
include dynamic contrast-enhanced (DCE) MRI, diffusion-weighted imaging (DWI), 
and diffusion tensor imaging (DTD. 

Magnetic resonance spectroscopy (MRS) is a specialized acquisition on the same 
instruments that measures the chemical shifts associated with molecules that incorpo- 
rate 'H, "3C, !9F, and 3!P. Each particular molecule has a different signature (chem- 
ical shift), allowing for assignment of individual metabolites. This information can 
provide fundamental insights concerning normal biochemical pathways, disease pro- 
cesses, or responses during therapy.!° Also, brain phospholipid metabolites (such as 
free phosphate, phosphocholine, etc.) can be studied using 3!P NMR by following the 
unique resonances associated with each compound. MRS often requires magnets of 
high-field strength in order to separate the overlapping signals of individual metabo- 
lites. An additional disadvantage of MRS is the relatively low sensitivity for detecting 
the metabolites, which requires either very long imaging times or large voxel sizes 
(volume area). MRS methods and applications are detailed in a recent review.!! 


3. What Information Is Provided by Imaging? 


Noninvasive imaging technologies have become increasingly important from 1980 to 
2015 in the management of human diseases. Diagnostic radiology is the medical spe- 
cialty that is responsible for imaging, providing information impacting clinical care 
in the general areas of (i) anatomy and perfusion, (ii) function and metabolism, and 
more recently (iii) molecular imaging. Anatomy and perfusion are the most widely 
applied in terms of the number of studies. Thus, imaging detects abnormalities, since 
many conditions result in the disruption of normal anatomy, function, or blood flow. 
One example is the detection of a mass in an abnormal location on a chest radiograph, 
which with further tests leads to diagnosis of cancer. Another example is the identi- 
fication of fractures following traumatic injury, or decreased bone density resulting 
from osteoporosis. These basic radiology techniques remain an important component 
of disease management. They are routinely accomplished by radiography and angiog- 
raphy, CT, MRI, and US. PET studies can also assess blood flow. 

The second general area that can be evaluated by imaging is metabolism and func- 
tion, including organ functions. Examples include noninvasive imaging to assess heart 
perfusion under stress, gastric emptying, ventilation/perfusion of the lung, and renal 
and liver function. Imaging metabolism includes many modalities. MRS techniques 
can detect altered metabolites in disease processes. Another aspect of metabolism that 
can be assessed is energy utilization. The increased metabolic rate of cancerous tissue 
relative to normal tissue can be imaged using PET tracers that accumulate in areas 
of higher metabolic activity. These studies are accomplished by administration of a 
radioactive drug; the increased uptake of the radioactive drug in the cancerous lesion 
is imaged with gamma-ray detection instruments. In a similar manner, the glucose 
or fatty acid metabolism in myocardium can be evaluated following ischemic injury. 
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Molecular imaging is the latest evolution. A Society of Nuclear Medicine task force 
defined molecular imaging in 2007 as “the visualization, characterization, and mea- 
surement of biological processes at the molecular and cellular levels in humans and 
other living systems. Molecular imaging typically includes 2D or 3D imaging as well 
as quantification over time. The techniques used include radiotracer imaging/nuclear 
medicine, MR imaging, MR spectroscopy, optical imaging, ultrasound, and others.” !? 
Several examples of molecular imaging are provided later in this chapter. 


4. Imaging to Monitor Gene Therapy 
4.1 Computed Tomography Imaging 


Traditionally, noninvasive imaging to evaluate therapeutic efficacy has relied primar- 
ily on anatomical assessments using CT and/or MRI. Guidelines for characterizing 
treatment outcome in cancer patients, such as those established by the World Health 
Organization (WHO) in 1979, the Response Evaluation Criteria in Solid Tumors 
(RECIST) group in 2000,!° and RECIST version 1.1 in 2009,'* have helped stan- 
dardize radiological evaluations of cytotoxic therapies. These criteria use early tumor 
growth and/or the development of new lesions as indicators of progressive disease 
(PD) and treatment inefficacy. RECIST and WHO criteria have been implemented 
in a number of clinical trials to evaluate the antitumor response of adenoviral gene 
therapy. !>-?2 

Immunologically active treatments such as oncolytic viruses and immunotherapies 
often initiate inflammatory swelling that results in a temporary increase in tumor size. 
Thus, response evaluations that rely solely on volumetric measurements may not be 
suitable for assessing the treatment efficacy of adenoviral therapies. The paradoxical 
increase in tumor size followed by shrinkage has been demonstrated in several clini- 
cal trials involving oncolytic viral treatments.!’-!? Some immunotherapies have also 
been shown to lead to complete remission, partial remission, or stable disease (SD) 
only after the appearance of new lesions or an initial increase in total tumor burden. 
Other therapies result in tissue necrosis and/or cavitation without necessary changes 
in tumor size. 

Between 2004 and 2009, systematic criteria to enhance the characterization response 
of immunotherapeutic agents were established, called the immune response-related 
criteria (irRC). These guidelines were formed based on the premise that, in comparison 
to cytotoxic therapies, treatments that initiate an immune response may take longer to 
generate an antitumor response and/or may demonstrate antitumor effects after con- 
ventionally diagnosed PD. The apparent increase in tumor burden that often precedes 
antitumor activity can be attributed to continued tumor growth prior to a sufficient 
immune response or transient inflammation caused by immune cell infiltration. Thus, 
the irRC account for clinically insignificant PD (e.g., small new lesions in the presence 
of responsive tumors) or durable SD in assessments of treatment efficacy.” 75 

The utility of using CT and irRC guidelines for evaluating adenoviral therapeutic 
response is promising, given the inflammatory and delayed treatment response that is 
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similar to that of other immunotherapies (e.g., monoclonal antibodies, immune adju- 
vants, viral vaccines) by which the irRC were established and validated. In addition, 
the ability of CT in combination with contrast enhancement and perfusion to assess 
functional changes has clinical value for assessing early response to therapy before 
volumetric changes occur.” The high spatial resolution of contrast-enhanced CT, for 
example, allows changes in microvasculature to be detected in response to treatment 
(e.g., changes in vessel size, relative blood volume, 3D vessel distribution, and vascu- 
lar branching).?’ 

Other imaging modalities such as PET, US, and MR-based techniques are also 
being implemented to supplement radiologic anatomical information with functional 
and metabolic insight. These noninvasive tools hold great value for detecting early 
response to therapy and can, therefore, be used to effectively tailor and optimize treat- 
ment regimens much sooner than traditional assessments that rely on changes in tumor 
size (or lack thereof). 


4.2 Positron Emission Tomography Imaging 


Fluorodeoxyglucose (!8F-FDG)-PET imaging is capable of providing information on 
the metabolic state of tissues and is, therefore, useful in many cancer types for diag- 
nosing, staging, and monitoring treatment response. PET Response Criteria in Solid 
Tumors (PERCIST, version 1.0) was established in 2009 to standardize assessments 
of early treatment response using !8F-FDG.7° For some patient populations, PERCIST 
has been shown to be a stronger independent predictor of chemotherapeutic outcome 
than RECIST.*? 

The utility of PERCIST guidelines in assessing the antitumor response of adeno- 
viral gene therapy has yet to be evaluated. Often, oncolytic viral treatments cause an 
influx of metabolically active inflammatory cells that can be mistakenly interpreted as 
increased tumor metabolism in FDG-PET imaging. In addition, falsely positive sig- 
nals in local lymph nodes can be misinterpreted as metabolic progression. Utilization 
of PERCIST criteria for interpreting the metabolic information provided by FDG-PET 
imaging offers a structured approach that may enable standardization among quanti- 
tative clinical reporting. 

A study by Koski et al.*° in 2013 evaluated the utility of CT and PET for evaluat- 
ing the response to oncolytic adenoviral treatment in patients with advanced cancer. 
A retrospective study of 17 individual case reports of cancer patients imaged with 
both contrast-enhanced CT and FDG-PET before and after adenovirus treatment 
demonstrated that response evaluations correlated moderately well and that the two 
imaging modalities were equally reliable as prognostic markers for long-term survival 
following treatment. Studies in hamsters suggested that FDG-PET is a more sensitive 
method for detecting antitumor effects since reductions in tumor metabolism occurred 
prior to reductions in tumor size as assessed by CT. These data were corroborated by 
the patient series, in which a favorable trend for disease control was detected more 
often by FDG-PET than CT. Importantly, both the hamster and the human studies also 
demonstrated the development of FDG-avid lymph nodes following adenoviral treat- 
ment, most likely the result of an inflammatory response and not treatment failure.*° 
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This same group also used FDG-PET and CT imaging to evaluate patient response to 
treatment with a double-targeted chimeric oncolytic adenovirus (CGCT-401) controlled 
by the human telomerase reverse transcriptase (hTERT) promoter for tumor selectivity 
and expressing CD40 ligand (CD40L) for antitumor effects.?! In preclinical studies, 
CD40L transgene expression correlated with several antitumor effects including oncol- 
ysis, apoptosis, induction of T-cell responses, and upregulation of Ty1 cytokines.?!-*9 
Consistent with these findings, in human trials, evidence was provided to support the 
antitumor immune response and therapeutic efficacy of CGCT-401 treatment; five out of 
six patients displayed disease control as determined by CT or PET-CT.?! 

A common limitation of FDG-PET that is cited in these clinical reports of adenoviral 
therapy involves the difficulty of quantifying therapeutic effects due to false-positive 
signals that arise from tumor swelling and/or recruitment of metabolically active immune 
cells. Furthermore, the type of viral vector used and the presence of immunostimulatory 
transgenes likely influence the utility of PET imaging, as evidenced by a clinical trial 
using an unarmed oncolytic herpes virus that did not find diagnostic or prognostic util- 
ity in FDG-PET evaluations.!? Understanding the role of PET imaging in monitoring 
responses to adenoviral gene therapy is dependent on more clinical evaluations and stan- 
dardization of PET response criteria for adenoviral vectors. 


4.3 Single Photon Emission Computed Tomography Imaging 


SPECT is a standard method for monitoring myocardial perfusion and has been uti- 
lized to assess adenoviral gene therapy efficacy in cardiovascular disease. Adenoviral 
vectors encoding angiogenic proteins that stimulate blood vessel growth have been 
proposed to restore perfusion to ischemic regions. Grines et al. reported a trial aimed 
at evaluating the efficacy of replication-defective adenoviral particles encoding fibro- 
blast growth factor 4 (FGF-4) for reducing ischemia defects in patients with stable 
angina.*+ SPECT imaging of myocardial perfusion with 9°™Tc-sestamibi was used to 
assess therapeutic outcome. A slight reduction (<5%) in reversible perfusion defect 
size was observed in the treatment group compared to the placebo control group at 4 
and 8 weeks following viral administration in this study when one outlier patient was 
removed from data analysis. However, the small sample size and minimal improve- 
ment observed did not allow definitive establishment of gene therapy efficacy in this 
trial. A phase II study of patients with coronary heart disease assessed the efficacy of 
vascular endothelial growth factor-165 (VEGF;¢5) gene therapy for improving vascu- 
lar perfusion.’ Six months after treatment with either replication-defective adenoviral 
particles or liposomes encoding the gene, SPECT imaging of myocardial perfusion using 
°°mTc-sestamibi indicated a significant improvement in cardiac perfusion compared to 
baseline values for the adenoviral experimental group but not for the liposome-treated 
or control groups. 


4.4 Magnetic Resonance-Based Imaging 


Mk-based imaging techniques are capable of providing functional, metabolic, and 
structural information about tissues,°° which can be useful for tumor localization, 
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phenotyping, and treatment monitoring.*’ The lack of ionizing radiation makes these 
approaches attractive for human use, and the high endogenous contrast and spatial 
resolution of MRI enable macroscopic tumor heterogeneity to be addressed. 

T2-weighted MRI is useful for identifying coagulative necrotic regions within a tumor, 
which appear as hypointense areas with shortened T2 relaxation times. This technique 
was implemented in an immunocompetent hamster model to determine the antitumor 
response of a granulocyte-macrophage colony-stimulating factor (GM-CSF)-coding ade- 
noviral therapy.** In this study, tumors treated with an adenovirus armed with GM-CSF 
exhibited a hypointense core region consistent with coagulative necrosis that persisted 
throughout the 7-day follow-up; these tumors were undetectable by day 28. In contrast, 
tumors treated with an unarmed adenovirus or phosphate buffered saline alone did not 
maintain a homogeneous necrotic core and demonstrated continuous growth. Similar 
observations were observed in a single neuroblastoma patient treated with oncolytic 
adenovirus. As identified using T2-weighted MRI, initial posttreatment tumor regres- 
sion was accompanied by a hypointense core region indicative of coagulative necrosis. 
However, 4 months after a second treatment, tumor progression resumed and the tumors 
appeared moderately hyperintense, suggesting regrowth of viable tumor tissues.*8 

MRS of tumor metabolites such as unsaturated fatty acids, choline, inositol, and 
taurine is another noninvasive method for monitoring the antitumor response of gene 
therapy treatments. The spectral peaks provided by these biochemical compounds can 
be distinguished by the larger peaks that arise from tumor water content and used to 
gather information on the viability and aggressiveness of tumor cells. Choline, for 
example, produces a peak at 3.2 parts per million, and an increase in the resonance 
of choline-containing compounds has been shown to correlate with cell membrane 
synthesis. Increased tumor levels of choline are, thus, predictive of tumor aggressive- 
ness.*? Taurine is another cancer biomarker whose presence in tumors is associated 
with malignant growth,*?~*? and spectroscopic detection of cell membrane unsaturated 
fatty acids has been used to indicate tumor cell apoptosis** or autophagy.*° 

In the 2014 study by Hemminki et al.,°* tumors that responded to treatment with 
the GM-CSF armed adenovirus showed decreased levels of choline and taurine metab- 
olites compared to untreated tumors, even at early time points before volumetric dif- 
ferences emerged. Thus, MRS identification of these metabolites may prove useful as 
predictive or prognostic biomarkers for evaluating the efficacy of oncolytic adenoviral 
therapies. 

Diffusion-weighted MRI (DW-MRIJ) detects the movement of free water molecules 
via the use of magnetic field gradients. This technique is sensitive to tissue microstruc- 
ture and cellular-level function, and can be used to assess early response to therapy 
by measuring changes in the perfusion and diffusion of water that occur following 
exposure to drugs. The apparent diffusion coefficient (ADC) is a quantification of the 
decay of the diffusion-weighted signal and is indicative of cellular density and mem- 
brane permeability. Highly cellularized tissues, such as tumors, typically have lower 
ADC values due to the impedance of water, whereas necrotic regions or areas with 
compromised cell permeability are associated with increased ADC values. 

Clinically, DW-MRI has been used extensively to detect early changes in the tumor 
microenvironment in response to a variety of different treatment regimens (reviewed in 
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2012 by Bains et al.).*° Although many cancer therapies result in an increase in ADC 
value, treatments that act via certain mechanisms of action (e.g., swelling, vascular 
restriction) may lead to decreased ADC values. Furthermore, certain types of cancer 
(e.g., rectal carcinoma*’*® and bone metastasis*?) have also demonstrated posttreatment 
reductions in ADC values, which could be attributed, at least in part, to tissue inflam- 
mation and/or fibrosis.°° Clinically, the predictive value of ADC, therefore, is likely 
dependent on tailoring DW-MRI evaluations and protocols to individual tissue types and 
therapeutic strategies. Specific to adenoviral-based gene therapy strategies, DW-MRI has 
been used to assess the response of antiangiogenic and antilymphangiogenic adenoviral 
treatments in a human ovarian cancer xenograft model. In this study, however, ADC 
values did not correlate with tumor necrosis. Instead, increases in ADC values were 
observed in tumors following treatment that led to histologically confirmed fibrosis.>! 

DCE-MRI is a noninvasive tool that is optimal for measuring tumor responses to anti- 
angiogenic therapies given its ability to measure relative blood volume, perfusion, and 
permeability.’ In a preclinical model, DCE-MRI has also been used in conjunction 
with T2-weighted MRI coregistered with electron paramagnetic resonance to correlate 
tissue perfusion with quantitative absolute oxygen measurements. This multimodality 
approach is aimed at characterizing the “signature” of tumor response to therapy to be 
used as an adaptive image-guided scheme for identifying heterogeneous tumor regions 
and for optimizing the scheduling of antiangiogenic and cytotoxic agents.” 

A prime example of imaging adenoviral gene therapy is documented by Menendez 
et al.>* in a preclinical study to assess cartilage repair following injury. A pony model 
of healing in an osteochondral defect used quantitative CT and MRI (T2 mapping and 
DCE-MRI using Gd-DTPA) to noninvasively assess the therapeutic efficacy of adeno- 
viral vectors encoding bone morphogenetic proteins (BMP)-2 or BMP-6 genes. Serial 
in vivo imaging enabled the investigators to study osteochondral regeneration within 
individual subjects across time, which avoided the need for more invasive evaluations 
relying on biopsy. In particular, the T1 values of Gd-DTPA observed using delayed 
DCE-MRI provided useful information regarding the biochemical composition of the 
osteochondral lesion (e.g., glycosaminoglycan content), and live pony CT was used 
to calculate the bone mineral density. The imaging results, which indicated signs of 
chondrogenesis and osteogenesis in response to BMP-2/6 adenoviral treatment, were 
in close agreement with those of postmortem histological evaluations.°+ 

Other preclinical studies have also employed MRI for assessing therapeutic growth 
factor gene efficacy with adenoviral vectors. Examples include recovery from isch- 
emia in the brain,55-5° cardiovascular reconstruction,©?© and blood flow to extremi- 
ties,°* among other applications.%-°° 


4.5 Ultrasound Imaging 


Contrast-enhanced ultrasound (CEUS) using targeted, site-specific microbubbles has 
been used to study angiogenesis in cancer and cardiovascular models and to preclin- 
ically evaluate antiangiogenic therapies (reviewed in Ehling et al. and Leong-Poi). 77°” 
For example, molecular imaging of the vascular phenotype can be achieved using 
RGD-labeled microbubbles to characterize vascular expression of alpha(V)-beta-3 
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integrin. This approach was used by Sirsi et al. to evaluate vascular response follow- 
ing treatment with the anti-VEGF antibody bevacizumab (BV), and CEUS molecular 
imaging was shown to be an early prognostic indicator of BV efficiency.68 CEUS 
using hard-shell microbubbles has also been used to depict a significant decrease in 
tumor vascularity as early as 1 day after antiangiogenic therapy. Given the low cost, 
sensitivity, and ease of use, CEUS techniques will likely have significant clinical util- 
ity for assessing tissue response to adenoviral gene therapies. 


5. Imaging and Gene Therapy Vectors 


In addition to evaluating gene therapy efficacy, noninvasive imaging is widely uti- 
lized in other aspects of adenoviral vector applications. Imaging has been employed to 
assess viral accumulation and retention as well as transgene expression both region- 
ally and temporally following vector administration. While preliminary trials have 
demonstrated the potential of noninvasive imaging techniques with adenoviral vectors 
in a variety of settings, each of these specific applications has unique challenges that 
must be considered prior to their widespread clinical implementation. 70-74 

Viral particle delivery, accumulation, and retention over time can be visualized by 
attaching a reporter probe to the viral capsid prior to administration to the subject. This 
is typically accomplished by covalent attachment of the reporter of interest to the viral 
particles, although noncovalent interactions (e.g., electrostatics) can be employed as 
well. For instance, superparamagnetic iron oxide particles (microparticles or nanopar- 
ticles), which are suitable reporters for detection by MRI due to their T2 and T2* 
contrast-enhancing effects, have been used to label viral capsids7576 as well as trans- 
duced cells’’:8 prior to in vivo delivery. While these strategies may be beneficial for 
short-term assessment of viral localization, they typically do not provide information 
on long-term viral behavior, replication, or gene expression. Alternatively, the viral 
construct can be genetically altered to express a reporter gene during its replication 
and assembly. Vectors encoding fusion constructs that combine optical reporter pro- 
teins’? or that have affinity for exogenous reporting metals (e.g., °°"Tc for SPECT 
imagingë®8!) are examples from this category. Such constructs would be favorable 
for monitoring viral replication over time in addition to visualizing their localization 
within organisms. Although preclinical studies have demonstrated encouraging poten- 
tial for noninvasively monitoring vector accumulation, these techniques have not yet 
been widely employed in clinical adenoviral applications. 

As opposed to imaging the virus particles themselves, imaging transgene expres- 
sion is an attractive means for monitoring successful transfection and proper gene 
translation to functional protein products over time. Reporter genes, which allow this 
aspect of imaging, have been commonly employed in adenoviral vectors. Two main 
classes of reporter genes used in human studies can be identified: receptor/transporter 
genes and enzyme/activator genes. The former encode extracellular protein receptors, 
transporters, or symporters, which increase the local concentration of the reporter 
probes within the transduced tissues. The latter encode intracellular enzymes that con- 
vert cell-permeable reporter probe substrates into products that become trapped within 
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the cells or that provide unique spectroscopic signals compared to the substrates. The 
high local concentration of the probe relative to nontransduced tissues allows visu- 
alization of gene expression. The proportional relationship between the number of 
reporter protein molecules present and the subsequent reporter probe accumulation 
allows quantitative assessment of transgene expression, albeit in an indirect manner. 
Direct assessment of transgene expression is possible in cases where the reporter mol- 
ecule is the product encoded by the reporter gene, such as with fluorescent proteins. 
While these intrinsic reporter systems have been commonly explored in vitro and in 
animal models, they have not been applied in human imaging applications. 


5.1 Nuclear Imaging Techniques 


Nuclear imaging has been utilized more than any other modality for noninvasively 
detecting adenoviral transgene expression in clinical settings. The following discus- 
sion will focus on the relevant reporter genes/reporter probe systems incorporating 
PET and SPECT radionuclides that have been utilized in human studies. Additional 
systems that have yet to be validated in human trials will be summarized briefly at the 
close of this section. For further reading, several excellent reviews concerning imaging 
adenoviral gene delivery and expression in preclinical reports are available.”°-73.82-%* 


HSV1-tk Reporter Gene 


The herpes simplex virus type 1 thymidine kinase (HSV1-tk) gene has been exten- 
sively utilized in human gene therapy due to the ability of viral TK to phosphory- 
late pyrimidine analogs (e.g., 2’-fluoro-2’-deoxy-1-f-p-arabinofuranosy]-5-iodouracil 
[FIAU], 2’-fluoro-2’-deoxyarabinofuranosyl-5-ethyluracil [FEAU], 2’-deoxy-2’-flu- 
oro-5-methyl-1-6$-L-arabinofuranosyluracil [FMAU]), or acycloguanosine analogs 
(e.g., 9-[4-fluoro-3-(hydroxymethyl)butyl]guanine [FHBG]), which are not substrates 
for human TK. On phosphorylation by HSV1-TK, the cell-permeable precursors 
become trapped within the cells and are ultimately incorporated into the host cell 
DNA, resulting in termination of DNA synthesis and subsequent cell death. This pro- 
miscuity of HSV1-TK has been harnessed for imaging applications by utilizing radio- 
labeled substrates as reporter probes for detecting HSV 1-tk expression. 

Prior to the first reported clinical trial for noninvasively imaging viral transgene 
expression, the pharmacokinetics and dosimetry of several PET reporter probes 
intended for use with the HSV1-tk reporter gene were examined in human sub- 
jects who had not been administered the viral gene.°>°° These preliminary studies 
showed tissues where the probes were nonspecifically retained (e.g., intestinal region 
for '8F-FHBG) as well as where they had negligible accumulation (e.g., brain for 
124J-FIAU and !8F-FHBG) following intravenous injection, highlighting areas where 
these probes would not be useful for detecting transgene expression in subsequent 
studies. Additional probes (e.g., !SF-FMAU?’) have since been developed and used for 
preliminary studies in healthy human volunteers. 

The first study utilizing a radioactive reporter molecule to detect transgene expres- 
sion in humans was reported in 2001.°* Following HSV 1-tk gene delivery via a nonviral 
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vector to five patients with glioblastoma, PET imaging utilizing -FIAU demonstrated 
enhanced probe uptake in the tumor of one patient relative to baseline levels prior to trans- 
fection. MRI, !8F-FDG, and !!C-MET (methionine) were used to assess the response to 
ganciclovir therapy in this individual. Imaging analysis showed necrotic tissue in the 
transfected region of the tumor, thus signifying successful therapeutic outcome. While 
transgene expression was not observed in the other four individuals, this study showed 
the potential of imaging both gene expression and viral gene therapeutic efficacy via 
noninvasive nuclear imaging probes. Similar results were observed in a related phase I/II 
trial with eight patients suffering from glioblastoma multiforme, where !24I-FIAU accu- 
mulation was detectable in only one of the patients following vector administration.” 

Noninvasive imaging of adenoviral-delivered gene expression in human subjects was 
first reported in 2005.!°° In this study, four of seven patients with hepatocellular carci- 
noma showed accumulation of !8F-FHBG within tumor lesions 2 days after intratumoral 
injection of viral vectors bearing the HSV 1-tk gene. The results showed that PET probe 
accumulation within tumoral lesions was not directly correlated with the initial viral 
load administered, and malignant areas were not visible by '8F-FHBG in patients receiv- 
ing fewer than 10!” viral particles. The patients who received doses above this thresh- 
old and showed transgene expression via PET imaging exhibited stable disease 30 days 
following transfection, suggesting a favorable response to gene therapy in combination 
with valganciclovir. Subsequent '3F-FHBG imaging 1 week after transfection showed 
no probe accumulation in the previously detected lesion. This result confirmed the 
expected transient expression of the viral gene. Furthermore, one patient who received a 
second viral dose 1 month after the initial dose failed to exhibit transgene expression via 
'8F-FHBG imaging following the second viral administration. An explanation suggested 
for this result was adenoviral neutralization by the patient’s immune system following 
the initial dose. Since host immune responses against viral vectors are common, subse- 
quent adenoviral administrations would likely not pose significant clinical benefits to 
patients. Therefore, repeated imaging of the particular replication-defective adenoviral 
vector and therapeutic gene strategy employed in this study are limited to a several-day 
window following initial administration. 

A related study employing 10 patients with hepatocellular carcinoma was reported in 
2010.'°! Only those patients (four out of 10) who received 10!? or more viral particles 
showed !8F-FHBG uptake within the lesions of interest. Two of the patients exhibited 
tumor necrosis following chemotherapy, although no partial responses were established. 
Dempsey et al. attempted to image HSV-TK expression with !?3I-FIAU in eight patients 
with malignant glioma following intratumoral administration of 10° pfu of a herpes sim- 
plex virus mutant (HSV1716) rather than an adenoviral vector.!°? No tumoral uptake 
of the probe was apparent in any subjects up to 5 days following viral administration 
relative to pretreatment levels. This finding is likely attributable to the low viral dose 
employed and the inability of !73I-FIAU to cross the blood-brain barrier. 


hNIS Reporter Gene 


The human sodium iodide symporter (ANIS) gene is naturally present in humans with fairly 
restricted tissue expression (thyroid, stomach, salivary, and lactating mammary glands). 
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Since these tissues are often removed from areas associated with cancer metastases, 
utilizing adenoviral vectors to transfect tissues with ANIS for imaging and therapy 
with suitable radioactive anions has been of great interest in cancer applications. The 
symporter efficiently transports iodide and pertechnetate ([TcO,]-) anions within 
cells; although gradual efflux of the anions is unavoidable, the continual activity of 
hNIS allows sufficient radionuclide accumulation for nuclear imaging applications. 

The first study to successfully image adenoviral-mediated hNIS gene expression 
noninvasively in human patients was reported in 2008.10 In this phase I trial of 12 
individuals with prostate cancer, a replication-competent adenoviral vector bear- 
ing the ANIS gene was injected into the diseased portions of the prostate within the 
patients. External intensity-modified radiation in addition to 5-fluorocytosine (5-FC) 
and valganciclovir prodrugs (activated by expression of viral-encoded yeast cytosine 
deaminase [yCD]/HSV1-TK) were used as therapeutics in the study. SPECT imag- 
ing with [9°™TcO,]- demonstrated maximal hNIS expression 1-2 days following viral 
delivery, with detectable levels remaining in one patient | week after viral injection. 
As was observed by Penuelas et al. with HSV1-tk gene delivery, a threshold value of 
viral particles (>10!!) was required for adequate detection by the SPECT probe with 
hNIS in this study. Overall, seven of the subjects exhibited [9™TcO,]- accumulation 
attributed to transgene expression. 

In a subsequent dosimetry study intended to estimate the potential for utilizing 
'31T as a radiotherapeutic nuclide following ANIS gene delivery, six individuals with 
prostate cancer were administered 5 x 10! particles of the same adenoviral agent and 
imaged with [9™TcO,] via SPECT on days 1-3 and 7 thereafter unless imaging 
showed no uptake of the radionuclide in the prostate.!°* Transgene expression was 
apparent in noncancerous prostatic tissue in this study, and several individuals did not 
show gene expression in tissues where virus was administered. While the viral dose 
and method of application were intended to deliver the virus to the entire prostate, 
the results indicated that ~45% of the prostate showed adequate hNIS expression for 
SPECT imaging. Dosimetry calculations suggested that this would correlate to ~7 Gy 
dose to the prostate had 200 mCi !3!I been employed, indicating that the level of hNIS 
expression with the vector utilized in this study would be too low for successful B- 
radiotherapy. Two of the subjects from the study that showed hNIS expression and 
completed the therapy regimen had negative (e.g., cancer-free) biopsy results 2 years 
after completion of the study. While not definitive, this result suggests that the viral 
gene/prodrug regimen combined with external radiation therapy may be effective for 
combating localized prostate cancer. 

Another example, in which an adenoviral vector containing the ANIS gene was 
delivered, was reported for a single patient with advanced and metastatic cervi- 
cal carcinoma.!° A dose (3x 10!! particles) of the virus, which was designed to 
express hNIS under the viral E3 promoter, was administered to pelvic and liver can- 
cer lesions. However, no viral-mediated hNIS expression was apparent on imaging 
with 13I at 20-44h or with [99™TcO,]- 3 days after viral administration. These 
negative findings could have been due to the different gene promoter, injection 
technique, or lower viral dose used as compared to the other reports employing 
adenoviral agents. 
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Figure 4 Imaging of SSTR expression in (A) mice bearing A427 tumors, following intratu- 
mor injection of Ad5 encoding SSTR (right tumor) or Ad5 encoding mutant SSTR (left tumor, 
control), by (B,C) gamma camera imaging, and (D) SPECT. The images in (B) and (C) are 
scaled different. 


SSTR Reporter Gene 


The human somatostatin receptor subtype II (SSTR) is an extracellular membrane 
receptor with variable levels of expression in several normal tissues (veins, gastroin- 
testinal tract, pancreas, spleen, brain) and in a wide variety of cancers.!° The latter 
observation has led to the development of many somatostatin analogs labeled with 
radioisotopes for identifying and treating SSTR-positive tumors.*?°?>? The SSTR has 
been utilized as a reporter gene in several preclinical applications. ’0-7!:79-79:84.85.88, 107-115 

Figure 4 presents images of a preclinical study with human nonsmall-cell lung 
A427 tumors after intratumoral injection of the Ad5 encoding SSTR (right tumor), 
or Ad5 encoding a mutant SSTR (left tumor, control). At 2 days after Ad5 injec- 
tion the SSTR-avid 9°™Tc-P2045 peptide was injected intravenously and 4h later 
the animals were imaged with a planar gamma camera (Figure 4(B) and (C)) or by 
SPECT (Figure 4(D)). Figure 4(B) and (C) use different scaling, and show posi- 
tive accumulation in the right tumor, and negative accumulation in the left control 
tumor. Figure 4(D) presents 0.58 mm axial slices showing the nonuniform distri- 
bution of the SSTR, as expected from the intratumor injection. Higher expression 
was found in the periphery of the tumor where growth was most active. Figure 
5(A) and (B) present images of another animal for a SPECT/CT study with con- 
trast (johexol, omnipaque), and show excellent correspondence in the peripheral 
tumor area for perfusion (high level of CT contrast) and SSTR expression (Figure 
5(B), arrows). 

A single study that utilized adenoviral-mediated SS7r gene delivery in humans 
has been reported. A phase I clinical trial enrolling 12 patients with gynecologic 
(ovarian/endometrial) cancers utilized a replication-defective adenovirus encoding 
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Figure 5 SPECT/CT imaging of SSTR expression in A427 tumors, with (A) CT, SPECT, and 
SPECT/CT fused images of a tumor slice, and (B) zoomed area of CT and SPECT/CT fusion 
image. The mouse was injected with the CT contrast agent omnipaque. 


genes for both SSTr and HSV1-tk in combination with ganciclovir prodrug ther- 
apy.!!6 The virus capsid was modified to express the RGD sequence for receptor-me- 
diated uptake via binding to cell surface integrin receptors as these receptors are 
commonly overexpressed in cancerous tissues. One day following the final of three 
daily intraperitoneal viral administrations, noninvasive SPECT imaging of SSTR 
expression was performed with !!!In-pentetreotide. Although the results showed 
significant uptake of the SPECT probe relative to background levels in the groups 
receiving the highest viral dose (10!7), patients receiving lower doses did not show 
significantly increased uptake of the probe following viral administration relative 
to pretreatment levels. Ex vivo polymerase chain reaction (PCR) analysis of ascites 
samples from patients who received the mid-level viral doses (5 x 10!9/dose), how- 
ever, confirmed expression of HSV1-tk and SSTr gene transcripts, indicating that 
the SPECT probe employed was unable to detect low levels of gene expression. No 
direct correlation between therapeutic outcome and viral dose or gene expression 
was apparent from this study. 
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Additional Reporter Genes 


In addition to the reporter gene/reporter probe systems that have been demonstrated 
in human trials, several other targets have been evaluated for monitoring adeno- 
viral-mediated transgene expression in preclinical studies. Viral transfection of 
the dopamine two receptor (D2R), which is not normally expressed in high lev- 
els outside of the brain and pituitary gland, has been assessed with PET probes 
(3-(2’-!8F-fluoroethyl)-spiperone, !!C-raclopride) that are capable of crossing the 
blood-brain barrier.’!:73-!!7-!2? The norepinephrine transporter, which is restricted in 
expression to the nervous system, is another attractive reporter target for adenoviral 
applications and has been imaged with radioactive probes (!!C-m-hydroxyephed- 
rine, !24/!3!1]-m-iodobenzylguanidine) in cancer models.’°-!?3-!24 The estrogen recep- 
tor ligand binding domain serves as a unique intracellular reporter target as it is 
limited in expression except within female reproductive organs. Successful ade- 
noviral-mediated gene expression has been successfully visualized in vivo using 
16a-!8F-fluoro-17ß-estradiol.!?5-126 Since the reporter probes utilized in the above 
preclinical studies have been previously validated for imaging endogenous receptor 
expression in humans, it is likely that the corresponding reporter genes will be eval- 
uated in clinical adenoviral applications in the future. 

Despite the relatively high sensitivity and quantitative characteristics of nuclear 
imaging with PET/SPECT tracers compared to other imaging modalities, nuclear 
probes indirectly allow determination of viral reporter gene expression. The probes 
must first reach the target cells before they interact with the gene products to allow 
visualization of vector expression. Insufficient delivery of the radioactive probe to the 
desired tissues would not allow detection of gene expression (regardless of expression 
level) and would result in false-negative findings. This problem is most common in 
brain imaging applications (e.g., glioma) with systemically administered agents that 
do not cross the blood-brain barrier (e.g., FIAU).%:!°" Nonspecific probe accumulation 
in nontarget tissues or slow pharmacokinetics must also be considered with nuclear 
reporter probes. High probe retention within normal tissues may lead to false-posi- 
tive results or may not allow definitive verification of reporter gene expression due to 
high background activity.°° To overcome these obstacles, reporter probe design with 
consideration of pharmacokinetics/half-life (radiochemical and biological) is crucial 
in utilizing established probes for new conditions and when developing novel probes 
for reporter genes.” Apart from probe design considerations, administration methods 
(e.g., systemic vs local) may also be important for adequate assessment of reporter 
gene expression. 

The limited sensitivity of nuclear probes for detecting viral-mediated gene expres- 
sion is a frequent observation noted in the studies above. While ex vivo techniques 
(PCR and immunohistochemical staining of biopsy samples) frequently indicated 
the presence of viral genome transcription, noninvasive imaging with the reporter 
probes failed to show the presence of the transgene.!°.!!© Therefore, nuclear tech- 
niques may not adequately detect low levels of gene expression, even though the 
level of expression may be therapeutically relevant. This challenge regarding sensi- 
tivity limitations should be considered for future studies with probes for adenoviral 
reporter genes. 
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5.2 Optical Imaging Techniques 


Optical detection of in vivo transgene expression can be achieved using fluorescence 
and BLI. Constitutive expression of optical reporters, such as fluorescent proteins or 
luciferases, allows for vector localization and monitoring over time. Optical report- 
ers can also be linked to a specific promoter such that transcription of the reporter 
coding sequence is indicative of gene expression. There are four types of optical 
reporter genes that can be used to indirectly measure the expression of an endog- 
enous gene or promoter. In general, these reporter genes encode (i) a fluorescence 
protein, (ii) a luciferase enzyme, (iii) an enzyme that can convert an exogenously 
added quiescent substrate into a fluorescent complex or induce a conformational 
change that modifies the fluorescence of the added substrate, or (iv) a fusion protein 
that uses a peptide linker to couple expressed transgenes with a fluorescent or bio- 
luminescent reporter. !?7 

Preclinically, optical imaging of adenoviral-mediated gene expression has been 
used to study a wide range of biological topics broadly related to tumor/cancer 
biology, cardiac applications, gene therapy, and cell trafficking. Several disad- 
vantages of the optical reporter-based imaging, however, have thus far prevented 
the optical reporter gene approach from being clinically implemented. These dis- 
advantages mainly involve the introduction of a foreign gene/probe into patients 
and the inability to perform deep tissue imaging due to autofluorescence, light 
scattering, and absorbance of light by hemoglobin at wavelengths below 600 nm. 
Given the significant and widespread success of in vivo optical imaging in the 
preclinical setting, however, many researchers are focused on developing optical 
detection systems and sophisticated probes that will enable optical imaging of 
gene therapy in humans. 


Fluorescent Proteins 


The most widely used fluorescent reporter proteins are GFP, enhanced GFP, and red 
fluorescent protein. Numerous adenoviruses have been equipped with these fluores- 
cent proteins to enable vector localization and quantification. !28-!°° In addition, new 
fluorescent reporters that operate at wavelengths in the red and near-infrared window 
are being developed to maximize transmission, minimize absorption, and decrease 
background signals from tissue autofluorescence. These reporters have improved 
capabilities for in vivo fluorescence imaging and have the potential to be used as 
reporters of transgene expression. 

A multitude of preclinical studies that describe the use of fluorescent reporters to 
monitor adenoviral gene transfer exist. For example, the cancer-specific promoter inhi- 
bition of differentiation-1 (Id1) has been used to derive the expression of an adenoviral- 
delivered mCherry fluorescent reporter for the detection and localization of breast and 
prostate cancer.!3!:!32 mCherry is a mutated variant of the widely used mRFP1 that 
has better tissue penetration and less autofluorescence due to its longer wavelength. In 
both human prostate cancer!+! and breast cancer!** models, mCherry reporter expres- 
sion was sensitively detected in situ using spectral imaging, and expression levels 
were shown to correlate with tumor levels of Id1. 
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OBP-301 (Telomelysin®) is a tumor-specific adenovirus that has demonstrated 
selective replication and antitumor effects in human cancer cells in vitro and in vivo. 133- 
136 Several clinical trials have also reported on the safety and potential therapeutic 
efficacy of Telomelysin® for oncolytic treatment of advanced solid tumors.!37:!°8 An 
animal study by Umeoka et al. evaluated a strategy for visualizing pleural dissemina- 
tion of human nonsmall-cell lung cancer cells using OBP-301 in combination with a 
replication-deficient adenovirus expressing GFP (Ad-GFP). Locoregional coinjection 
of OBP-301 and Ad-GFP enabled real-time visualization of macroscopically invisi- 
ble tumor tissues using optical CCD imaging, whereas no GFP signal was detected 
after coinjection into normal tissues or following local injection of only Ad-GFP.!*° 
To circumvent the need for intratumoral or local coinjections of the adenoviruses, 
this group subsequently modified the vector backbone of OBP-301 to include a cyto- 
megalovirus (CMV)-controlled GFP gene. In theory, this modified adenovirus, named 
OBP-401, was designed to enable systemic administration leading to whole-body dis- 
tribution of the vector for detection of distant metastatic lesions. The optical report- 
ing capabilities of OBP-401 were evaluated in an orthotopic mouse model of human 
rectal cancer. Intratumoral administration of OBP-401 resulted in viral spread into 
the regional lymphatic area and hTERT-dependent replication and GFP expression in 
neoplastic lesions. Optical CCD imaging of exposed paraaortic lymph nodes allowed 
for direct visualization of micrometastases via GFP expression, which was shown to 
correlate histologically with the presence of adenocarcinoma cells.!*? OBP-401 has 
also been used clinically to identify circulating tumor cells in patients with various 
cancers, 128:141-143 

These examples highlight a few of the fluorescent imaging approaches that can be 
used for monitoring adenoviral reporter gene expression. Despite the clinically relevant 
information that can be extracted from these studies, the limitations associated with 
imaging fluorescent reporters are also evident. Most notably, the signal attenuation 
that occurs with increasing tissue depth restricts in vivo fluorescence imaging to sur- 
face-level detection whether it is directly beneath the skin or in dissected tissue (i.e., via 
surgical incision) or requires the use of endoscopic/laparoscopic techniques. The recent 
developments of endoscopic fluorescence systems and surgical imaging systems are 
helping in realizing the potential of high-resolution, real-time fluorescence imaging to 
aid in clinical decision-making. For example, fluorescent imaging of indocyanine green 
for evaluating tissue perfusion is now widely implemented in cardiac and surgical cases, 
and new NIR fluorescent dyes are being developed to aid in surgical resection of tumors. 
Advances in these areas of fluorescence imaging will likely pave the way for the trans- 
lation of fluorescent reporter probes that enable real-time monitoring of gene therapies. 


Luciferases 


Bioluminescence is a form of chemiluminescence in which visible light emission 
occurs within an organism as a result of a chemical reaction between a luciferase 
enzyme and its substrate (i.e., luciferin, coelenterazine). Bioluminescent light is pro- 
duced when the electron from this reaction returns to its ground state; this light provides 
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the imaging contrast necessary for BLI. Due to the lack of endogenous luciferases in 
mammalian tissues, the signal-to-noise ratio associated with BLI is extremely high, 
which enables very sensitive measurements.* 

For molecular imaging, a reporter construct that contains the genetically encoded 
material necessary for the production of a luciferase enzyme is used. Luciferase 
reporter constructs are routinely controlled by a promoter, which can be constitutively 
expressed (i.e., always “on’’) in all tissues or expressed at varying levels dependent on 
the physiological status of the tissue. An example of the latter is the use of cycloox- 
ygenase-2L (cox2L) as a promoter for controlling luciferase via an adenoviral vector 
(Ad-cox2L-luc). Since cox2L is “off” in the liver under normal conditions, luciferase 
was not expressed following intrahepatic injection of Ad-cox2L-luc. Injection of lipo- 
polysaccharide (a known activator of cox2L) into transfected mice resulted in tran- 
sient hepatic expression of luciferase.* 

Numerous luciferases have been isolated from various species (mainly marine) 
and used as bioluminescent reporters of in vitro and in vivo biological phenomena. 
Among these, the most commonly used luciferases were isolated from beetles (fire- 
fly and click beetle—Coleoptera), jellyfish and sea pansies (Cnidaria), and bacteria 
(Vibrio and Photorhabdus luminescens). Firefly luciferase (FLuc) is the most com- 
mon optical reporter for BLI. FLuc catalyzes the reaction between luciferin and oxy- 
gen in the presence of Mg-ATP; this process emits a yellow-green light (emission 
peak ~560nm). Other luciferases also isolated from beetles emit light at red-shifted 
wavelengths (580-625 nm), which are attractive for in vivo imaging due to the advan- 
tage of better tissue penetration. Renilla luciferase (RLuc) emits blue-green light at 
~480nm and is attractive because it does not require ATP for enzymatic reaction with 
its substrate coelenterazine. Because luciferin and coelenterazine do not cross-react, 
utilization of both FLuc and RLuc reporters allows for simultaneous imaging of two 
different molecular events. 144-145 

The CMV promoter is commonly used in routine applications of bioluminescence 
since it is constitutively expressed and highly active in most tissues. In this way, lucif- 
erase reporter expression has been implemented in a variety of applications, most 
notably: (i) cancer biology for monitoring tumor growth, total tumor burden, metas- 
tasis, and angiogenesis, (ii) cell therapy for monitoring the migration of adoptively 
transferred cells, (iii) gene therapy for targeting vectors, (iv) infection for studying the 
clearance of pathogens, bacteria, etc., (v) protein—protein interactions and biolumines- 
cence resonance energy transfer (BRET) for studying biological pathways, (vi) apop- 
tosis detection for evaluating cancer therapies, (vii) viral replication for evaluating 
oncolytic therapies, (viii) signal transduction for real-time monitoring of biological 
pathways, and (ix) transgenic mice for understanding gene regulation and studying 
biological processes.* 

In contrast to the CMV promoter, the use of specialized promoters to control 
luciferase reporter expression enables BLI to be used to noninvasively evaluate 
specific molecular pathways involved in disease pathogenesis. In addition, these 
selected molecular pathways can be monitored to determine the response to ther- 
apeutic intervention. Herein, a few studies that exemplify the use of adenoviral 
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vectors to encode a luciferase reporter gene whose expression is driven by a dis- 
ease-specific promoter are discussed. 

Tumor-specific promoters enable targeted gene therapy approaches by preferentially 
localizing transgene expression to tumor cells and limiting therapeutic effects in normal 
cells. Many studies suggest that the human survivin gene, a member of the inhibitor of 
apoptosis family, is a favorable tumor-specific promoter since it is overexpressed in many 
cancers but absent in normal tissue. A study by Ray et al.!*° was performed to evaluate 
the efficiency and specificity of an adenoviral vector containing the survivin promoter, 
a therapeutic gene (TNF-alpha-related apoptosis inducing ligand; TRAIL), and a firefly 
luciferase reporter gene. To overcome the poor transcriptional efficiency of the survivin 
promoter, a bidirectional two-step transcriptional amplification process was used. This 
approach led to a 10-fold increase in therapeutic and reporter transgene expression fol- 
lowing intratumoral injection as determined noninvasively and quantitatively with BLI. !46 

The ability of luciferin to pass through the blood-brain barrier has resulted in many 
studies that use luciferase reporters for studying neurodegenerative diseases. A number 
of studies, for example, have utilized luciferase expression in transgenic mice to study 
processes and pathways in Alzheimer disease, Parkinson disease, and amyotrophic 
lateral sclerosis.'*7:!+8 Although most of these reports involve the use of animals that 
have been genetically manipulated to link luciferase expression to a promoter gene 
of interest, there is at least one study that utilized a luciferase-equipped adenovirus 
to correlate the location, magnitude, and duration of a therapeutic transgene.'*? In 
this study, an adenoviral vector containing both a yCD as a therapeutic transgene and 
an optical luciferase reporter gene was used to evaluate the antitumor efficacy of the 
prodrug 5-FC in an orthotopic 9L glioma model. The cytotoxicity of 5-FC is depen- 
dent on its enzymatic conversion by yCD into the antimetabolite 5-FU. Therefore, 
adequate expression of the yCD transgene is essential for the antitumor response of 
5-FC. The location and magnitude of luciferase expression were monitored over time 
using BLI and correlated to yCD with histological observations. Anatomical and dif- 
fusion-weighted MRI were used to evaluate the efficacy of 5-FC treatment.'*° This 
study describes a therapeutic approach for optimizing the timing and dosage of 5-FC 
that could be envisioned for human use on replacement of the luciferase reporter with 
a more clinically relevant probe. 


5.3. Magnetic Resonance-Based Techniques 


The high spatial resolution and soft tissue contrast attainable with MR techniques are 
favorable for imaging adenoviral vector transduction efficiency and gene expression. 
Many applications have taken advantage of the enzymatic activity of reporter pro- 
teins to produce a unique spectroscopic signal detectable by MRS following admin- 
istration of substrates containing naturally abundant !9F or 3!P; several !3C-labeled 
probes have been evaluated as well. As opposed to relying exclusively on sufficient 
probe accumulation within transduced tissues for detection, these MRS probes become 
“activated” by the reporter protein to generate the signal of interest. Creatine kinase (CK) 
and CD are two examples of reporter enzymes that have been utilized with probes 
for MR detection of transgene expression in preclinical adenoviral applications. 
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6-Galactosidase and various other kinases have also been proposed as reporter 
genes,°°7! although they have not yet been assessed with adenoviral vectors in vivo. 

CK, which catalyzes the phosphorylation of creatine, has been used as a reporter 
transgene in the liver, where it is not normally expressed. Zhou and coworkers!50 
utilized 3!P MRS of phosphocreatine (PCr) and magnetization transfer to success- 
fully evaluate CK activity in surgically exposed livers of mice following intravenous 
injection of adenovirus particles containing genes for CK and low-density lipoprotein 
receptor. In a related study, proliferation of transgenic hepatocytes expressing CK was 
evaluated by 3D 3!P MRS imaging of PCr in mice following adenoviral delivery of 
human growth factor to stimulate hepatocyte expansion.'>! This experiment did not 
require surgical exposure of tissues for successful MR analysis, indicating the viabil- 
ity of this technique for translational applications in the future. 

As noted above, CD is a nonmammalian enzyme that catalyzes the conversion of 
5-FC to the chemotherapeutic agent 5-FU. !9F MRS was used to monitor the expres- 
sion and activity of an adenovirally delivered gene containing CD fused to a trans- 
location peptide sequence (vp22 from HSV-1).!°? 5-FU accumulation was apparent 
in subcutaneous 9L glioma tumors | day following intratumoral viral administration. 
When a nonfusion CD gene was employed in the study, no tumoral accumulation of 
5-FU was apparent even though therapeutic efficacy (delayed tumor growth due to 
prodrug conversion) was observed. This suggests that the MRS threshold for 5-FU 
detection is above the level required for in vivo cytotoxicity using this tumor model. 

A second strategy for MR detection of reporter gene expression relies exclusively 
on transgene-mediated accumulation of an endogenous or administered reporter 
probe rather than activation of the probe by the transgene. Paramagnetic metal ions 
or clusters are typically utilized as probes in these strategies. Ferritin has been one 
of the more frequently employed MR reporter genes in adenoviral applications. This 
metalloprotein sequesters endogenous iron ions in high densities, thus allowing 
favorable detection by MRI through T2 and T2* contrast without requiring admin- 
istration of a reporter probe. Various constructs of ferritin (light subunit, heavy sub- 
unit, subunit fusions, mitochondrial) have been utilized for in vivo imaging in mice 
(e.g., brain striatum,!°> neuroblast migration,'>* olfactory sensory neurons!>>) fol- 
lowing adenoviral delivery. Transferrin!>° and tyrosinase!>’ have also been used as 
reporter ion transporters in preliminary applications with adenoviral vectors. While 
most studies have shown that metalloprotein-mediated iron accumulation does not 
induce toxicity in vitro or in vivo, the long-term retention of static iron deposits 
following initial viral administration may be detrimental for repetitive imaging of 
gene expression. 

MRS has also been used to monitor changes in metabolic activity of natural sub- 
strates following adenoviral delivery of genes of interest. PCr/ATP ratios and fatty 
acid metabolism in rat hearts were assessed ex vivo by 3!P and 13C NMR, respectively, 
after in vivo cardiac transfection with skeletal sarco(endo)plasmic reticulum Ca2+-AT- 
Pase.!°8 PCr/inorganic phosphate ratios in vivo were monitored by 3!P NMR in a rab- 
bit ischemic hind-limb model after adenoviral delivery of growth factor genes. 159-160 
Choi et al. used in vivo 3D 3C NMR to monitor hepatic glycogen synthesis pathways 
in mice following transfection with a rat liver 6-phosphofructo-2-kinase/fructose-2,6- 
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bisphosphatase fusion construct.'°! These examples highlight the potential of MR 
technologies for evaluating functional enzymatic pathways within living tissues. 
Despite the high spatial resolution and widespread utilization of MR techniques, 
these modalities suffer from low sensitivity and require high reporter concentrations 
(~umol/liter) to allow adequate detection. This is a serious disadvantage for adeno- 
viral vector imaging applications as the high reporter concentrations utilized may 
impair normal physiological function. These factors may prevent widespread clini- 
cal adoption of MR probes for directly imaging adenoviral transgene expression or 
localization. However, MR will remain an invaluable aspect for evaluating therapeutic 
efficacy and levels of natural, endogenous probes in adenoviral vector applications. 


5.4 Multimodal Imaging of Adenoviral Vectors 


The advances in instrumentation and computing power from 1995 to 2015 have brought 
multimodal imaging to the forefront of modern research and medical practices. Multi- 
modal imaging instruments allow assessment of the subject with two (or more) different 
modalities in a single imaging session. Because a single instrument is used for image 
acquisition, there is essentially no delay or need to reposition the subject between dif- 
ferent instruments while collecting the desired information for each modality. Typically, 
multimodal scanners pair complementary modalities together to maximize the infor- 
mation gained and offset the drawbacks associated with the individual techniques. For 
instance, CT (high tissue contrast, structural assessment) is frequently employed with 
nuclear imaging (high sensitivity, functional assessment). Fusion SPECT/CT, PET/CT, 
and PET/MRI scanners are now commonplace in the clinic and have greatly enhanced 
the potential for rapid diagnoses and patient throughput. 

Many adenoviral vectors are now being designed with multimodal imaging appli- 
cations in mind. Such vectors encode different reporter genes where each can be 
monitored individually by reporter probes from different modalities. Several preclini- 
cal applications have paired optical reporter genes with SPECT, PET, or MR reporter 
genes/!.73.79.81,87.88,112,156,162; additional combinations (PET/MR, SPECT/MR) are also 
possible for applications with adenoviral vectors. As an alternative strategy, a single 
reporter gene can be visualized with probes for different modalities, such as assessment 
of TK expression by MRS and PET (using probes containing 3!P/!9F and !8F, respec- 
tively).’> While an increasing number of multimodal adenoviral vectors are being 
explored in preclinical settings, these constructs have not yet been widely evaluated in 
human patients. Given the rapid growth of the field, however, it is likely that clinical 
assessments utilizing multimodal reporter genes will be attempted in the near future. 


6. Conclusions 


Imaging has served an important role in advancing human gene therapy since 2003 by 
allowing noninvasive assessment of novel therapeutic interventions in living subjects. 
This will continue in the future as imaging provides not only anatomical information 
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but also real-time and repeated evaluations of function. Molecular imaging is expected 
to further enable adenoviral-based gene therapy in future years using recent advances 
in genetic reporter systems. These reporter systems have demonstrated great potential 
in preclinical studies. 

Therapeutic strategies based on immune or stem cells represent an attractive 
growth area for both gene therapy and molecular imaging. Perhaps the adenoviral 
vectors could combine with cell-based therapies by transfer of the genetic reporter 
systems. Alternately, the adenoviral gene therapy vectors may target disease locations 
using a cell-based vehicle. Constitutively expressed genetic reporters offer opportu- 
nities for monitoring trafficking, homing—targeting, and persistence of administered 
cells, whereas inducible reporters could assess cell functionality and activation status. 
Clearly, the combination of molecular imaging and gene therapy offers great potential 
for improving treatments for a broad range of diseases. 
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Regulation of Adenoviral 3 2 
Vector-Based Therapies: An FDA 
Perspective 


Michael Havert, Rachael Anatol, Ilan Irony, Ying Huang 
Office of Cellular, Tissue, and Gene Therapies, Center for Biologics Evaluation and 
Research, Food and Drug Administration, Silver Spring, MD, USA 


1. Introduction 


The Center for Biologics Evaluation and Research (CBER) is one of seven centers at the 
United States Food and Drug Administration (FDA). CBER regulates a variety of biolog- 
ical products including allergenics, blood and blood components, medical devices and 
tests, gene therapies, human tissues, cellular therapies, vaccines, and xenotransplantation 
products. CBER is composed of six offices, three of which, the Office of Blood Research 
and Review, the Office of Vaccines Research and Review, and the Office of Cellular, 
Tissue, and Gene Therapies (OCTGT), are responsible for the regulation of medical 
products. OCTGT is charged with the regulation of gene therapies, cell-based products, 
therapeutic vaccines and cancer immunotherapies, human tissues for transplantation, 
xenotransplantation products, and certain combination products and medical devices. 

In the United States, adenoviral vector-based therapies are regulated by the FDA as 
gene therapy products or vectored vaccines. They may be used only if licensed or under 
an Investigational New Drug application (IND). The first human gene therapy IND used 
a retroviral construct in patients with adenosine deaminase deficiency in 1990.! The 
first adenovirus-based gene therapy for cystic fibrosis followed soon thereafter.™* Since 
that time the field of adenovirus gene therapy has grown and changed substantially.° 
Although the US FDA has not licensed any adenoviral-based gene therapy product, it is 
a product class with a large amount of investigational clinical experience and continues 
to be a robust area of research and development. Approximately 200 adenovirus-based 
INDs have been submitted to OCTGT; the majority of these are for the treatment of 
cancer, and approximately 50 are currently active. 

The requirements for an IND submission can be found in Title 21 Part 312 of the 
United States Code of Federal Regulations (21 CFR 312). These statutes apply to all 
INDs. This chapter describes the regulatory requirements and expectations for adeno- 
viral vector-based IND submissions to OCTGT. 

Historically, many developers of adenovirus-based gene therapy products have been 
clinical investigators who design, test, and produce a clinical product in their laboratory 
or their institution’s core facility. Usually, this process relies heavily on funding from the 
National Institutes of Health (NIH) through competitive, investigator-initiated research 
grants or with assistance from program grants. Investigators who receive NIH funding 
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must be in compliance with the NIH Guidelines for research involving recombinant 
nucleic acids and register their clinical protocol with the NIH/Office of Biotechnology 
Activities.” A review of oversight responsibilities for gene therapy products at the NIH 
and institutional level has been recently published and is beyond the scope of this chapter.° 
This chapter provides OCTGT’s perspective on the regulation of adenovirus-based 
vectors. The first section provides an overview of how these vectors are designed and 
implications for regulatory oversight. Design considerations have a significant impact 
on how the product will be manufactured, tested, and used in a clinical study. The 
remaining three sections describe more broadly how the scientific and medical disci- 
plines in OCTGT review submissions for adenoviral vector-based products. This chap- 
ter describes general manufacturing requirements for products under IND, preclinical 
supporting information needed for initiating clinical studies, and considerations for 
clinical trial design and for investigators involved in treating patients with adenovi- 
rus-based investigational products. All of these requirements and recommendations 
have been published previously as FDA guidance or regulation, but here we present 
this information specifically in the context of developing adenovirus-based products. 


2. Regulatory Considerations in the Design of Adenoviral 
Vector-Based Therapies 


The first step in the development of an adenoviral vector-based therapy is the molecular 
design of a product for further study. In general, an understanding of the molecular 
biology of the virus, the transgene cassette, and its associated genetic elements influ- 
ences the design and construction of adenovirus-vectored products. Researchers have 
found that the virus can accommodate a number of design configurations from which 
clinical grade production should be readily achievable. Ultimately, the design of these 
products is determined by the specific requirements of the user. The FDA recommends 
that construction and testing of these products should be done in consultation with the 
Agency before IND submission in what is called a preIND interaction.!° 

For many investigators who are developing adenoviral vector-based products, the 
selection of a transgene(s) is the first and most significant design consideration. Ade- 
noviruses are very efficient at gene transfer and are capable of high-level expression 
of transgenes; however, the viral constructs are known to be immunogenic and usually 
have limited duration of gene expression in vivo. Therefore these vectors are, for the 
most part, best suited for applications in which the transgenes require only transient 
gene expression. Such applications would include expression of vaccine antigens, 
genes related to immune modulation, or cancer cell-specific cytotoxicity. All of these 
applications are being explored (some in combination) for cancer treatments and, 
after demonstrating a level of tumor response, may accelerate quickly through clinical 
development. !! 

The size of the transgene cassette must be taken into consideration because of size 
restrictions for the virus. Insertion capacity of the virus is limited by the amount of 
genomic DNA that can be efficiently packaged into the capsid.!>!3 Adenovirus-based 
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vectors usually have at least one deletion to make space for the transgene cassette. The 
most common deletion is in the early region 1 (E1 region) of the virus. In addition 
to providing space for the transgene, an E1 deletion removes the principal activating 
proteins of the virus, thus rendering the adenovirus replication deficient. For so-called 
first generation constructs, the deletion of E1 significantly attenuates the virus and 
eliminates its ability to replicate. This feature restricts viral replication to cells capable 
of trans-complementing the deletion during manufacture (e.g., HEK293 or PER.c6 
cells). It also simplifies safety studies needed to establish a basis for conducting a clinical 
trial. In most circumstances, the toxicity of a replication defective adenovirus can be 
evaluated in mouse model systems, even though the replication of human adenovi- 
ruses is greatly restricted in mice. Because of their transient expression, El-deleted 
vector designs also limit the duration of shedding studies and long-term follow-up 
data collection in the clinical trial. Commercially available reagents may be used to 
generate these products, which also simplifies and standardizes the construction, and 
in turn enables faster initiation of clinical studies. 

Incorporating additional deletions in second generation and high capacity (or gutless) 
vectors has allowed greater transgene sizes. These deletions eliminate expression of 
viral gene products that may be immunogenic or cytotoxic, which in turn may increase 
the duration of transgene expression. For example, high capacity vectors in which all the 
viral open reading frames have been removed are much less immunogenic and provide 
longer transgene expression times than first generation constructs (reviewed by Ventiri 
and Ng).!* The elimination of additional viral genes required for replication, such as E2 
or F4, will require a more specialized production cell line. In this situation, manufac- 
turers must develop cells that are able to trans-complement the additional deletions, but 
many cell lines have already been established for this purpose (reviewed by Kovesdi and 
Hedley).!> These cells that complement multiple deletions also have the advantage of 
significantly reducing the likelihood of replication-competent adenovirus (RCA) con- 
tamination in the product by the fact that additional homologous recombination events 
are required to generate an RCA. 

Another significant design consideration is the selection of transcriptional and 
targeting control elements for the transgene. For most investigators, the selection of 
transcriptional control elements (i.e., promoter) is based on commercially available 
reagents. Strong promoters that are active in a variety of cell types are usually assumed 
to allow for the greatest amount of protein production in vivo. This is a reasonable 
starting point, although expression levels may vary from cell line to cell line and may 
not necessarily correlate with activity in vivo. Promoter selection is a particularly 
important manufacturing consideration when expression of the transgene can inter- 
fere with virus replication. Transgene interference may decrease yields and impose 
a negative selection pressure against expression, leading to genetic instability.!®!7 In 
these situations, inducible promoters for transgene expression or promoters that are 
active in restricted cell types may be required for production. Cell-restricted promot- 
ers may also improve the safety profile of a product. For example, the safety profile of 
a virus expressing a cytotoxic gene for cancer gene therapy may be improved with the 
addition of a tumor-specific promoter. In this case, establishing the safety profile for 
clinical use would include a demonstration of promoter selectivity. 
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The designers of a new adenovirus-based product may also choose to incorporate 
a variety of capsid serotypes or capsid modifications that can direct cellular targeting 
of their product. Many designers choose a serotype 5 adenovirus capsid based on the 
convenience of commercially available reagents. A large body of knowledge has been 
generated regarding the pharmacokinetics of serotype 5 adenovirus after administra- 
tion in humans via a number of routes and at a number of dose levels. However, some 
investigators are exploring pseudotyping, retargeting, or use of novel serotypes as a 
way to improve target cell uptake. These approaches are being rationally designed as 
we understand more about the biology of adenoviruses and their interaction with the 
human host. Specific manufacturing concerns regarding these targeted adenoviruses 
include the efficiency of assembly of an altered capsid and potential selection against 
the intended modification during production and the stability of the modified virus 
capsid during manufacturing and storage, all of which will be taken into consideration 
during the development process for these products. 

For investigators who are developing adenovirus vector-based products that are 
replication selective, the mutation or mechanism by which the virus is made to be 
replication selective is a significant design consideration that affects manufacturing, 
preclinical safety testing, and clinical trial design. Most of these vectors are being 
developed as oncolytic products to allow limited or selective replication in tumor 
cells, but there has also been interest in developing replication-competent vectored 
vaccines.!*~9 For replication-competent oncolytic products, tumor cell-specific rep- 
lication is desirable. Complete infection of all tumor cells may not be achievable 
using the standard serotype 5 adenovirus vector. Low levels of coxsackievirus and 
adenovirus receptor expression on tumor cells and preexisting serotype 5 immunity 
limit transduction Low viral transduction limits the ability of the virus to replicate 
and spread in tumor cells.?!-*> Advances are being made in the development of vec- 
tors that target and replicate in tumors. Complete infection of all tumor cells may 
not be required because host immune responses to virus-infected cells also generate 
anticancer effects.2*?° The oncolytic methods currently being explored for adeno- 
virus-based therapies include transcriptional targeting of El gene expression and 
removal of tumor suppressor binding domains in the E1 genes (reviewed in Kruyt 
and Curiel).?’ In addition, replication-competent viruses from different serotypes 
with low seroprevalence are being investigated because they are unimpeded by pre- 
existing immunity, as well as constructs selected for the ability to lyse cancer cell 
lines in vitro.28? The degree to which these viruses are replication selective is an 
important consideration to be established prior to use in human clinical studies.*° 
In addition, steps to assess shedding and the possible transmission from treated to 
untreated individuals may be required. Recommendations regarding shedding studies 
have been published in FDA guidance (FDA, Draft Guidance for Industry: Design 
and Analysis of Shedding Studies for Virus or Bacteria-Based Gene Therapy and 
Oncolytic Products) and discussed publicly in a recent Cellular, Tissue, and Gene 
Therapies Advisory Committee (CTGTAC) meeting.*! 

Finally, another significant design consideration is the compatibility between the 
adenovirus vector and the delivery devices used to administer the product. For some 
adenoviral products, delivery to a specific organ or tissue may require a specialized 
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delivery device. Medical devices are cleared by the FDA for their intended use, which 
may include placement in a specific tissue, accessing a particular body compartment, 
or injecting/infusing an approved drug. Adenovirus vectors have known stability prob- 
lems when they come into contact with certain materials, including some materials 
that are commonly used in catheters.*?-* Contact surfaces or leachables from these 
surfaces may bind or inactivate the virus in as little as 10 min and may result in subopti- 
mal delivery of the product. Therefore delivery devices should be carefully considered 
and assessed for their biocompatibility with adenoviruses before use in clinical studies. 


3. Chemistry, Manufacturing, and Control Requirements 


A summary of regulatory requirements and considerations for specific manufacturing 
steps for adenoviral vector-based products is presented in the following section. This 
section describes measures taken to qualify cell substrates, viral banks, purification 
strategies, and reagents and raw materials used in production. More specific infor- 
mation can be found in relevant guidance documents published by the Agency and 
referenced in this section. 


3.1 Establishing a Cell Bank 


Cells used for production are a critical reagent in the manufacturing of clinical 
grade adenoviral vector-based products. The properties of the production cells and 
the potential adventitious contaminants harbored by them influence the quality of 
the viral product. As with any biological product, cells used for production should 
be characterized with respect to history, in vitro growth characteristics, and pres- 
ence of detectable microbial agents (21 CFR 610.18 (c)). There are limitations when 
selecting a production cell line based on the design requirements of the adenoviral 
vector. For replication-defective viruses in which coding sequences needed for viral 
replication have been removed, viral proteins must be provided in trans by the 
production cell line. Cells suitable for the generation of El-deleted replication-de- 
fective adenovirus vectors contain and express the E1 region of the viral genome. 
The two most common are cell lines derived from embryonic human kidney fibro- 
blasts (HEK 293) or retinoblasts (PER.C6). In HEK 293 cells, the integrated E1 
sequences contain enough flanking adenovirus sequence such that homologous 
recombination with the vector will occur, resulting in contamination of the prod- 
uct with El-containing RCA.*> PER.C6 cells were engineered to contain minimal 
regions of homology to prevent recombination and reduce the occurrence of RCA.*° 
PER.C6 and other similar cells may be advantageous; however, there have also been 
reports of a rare RCA-like material known as helper-dependent E1-positive virus 
particle during production with PER.C6 cells.*73* For more complicated vector 
designs with additional essential viral genes missing, manufacturers may have to 
develop custom cells that express additional viral genes!> and/or qualify additional 
reagents (i.e., a helper virus bank) to provide viral genes necessary for replication. 
For production of adenovirus gene therapy products in which no complementation 
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is required (e.g., conditionally replicating vectors having modified E1 regions), a 
cell line should be chosen that does not contain adenovirus sequences in order to 
prevent homologous recombination. 

Cell lines used for adenovirus vector production can be easily frozen and a cell 
banking system can be established to ensure consistency and control of production 
cells. With an appropriate cell bank system, production with the same stock of cells can 
occur for the lifetime of the product. The Agency has published guidance documents 
with recommendations for the qualification of cell banks.*?*9 The recommendations 
include a description of the history of the cell line and the banking system used for 
storage. This history should include a reference to the cell source and where the cells 
were first obtained. For the derivation of new cell lines from primary human tissue the 
history should include whether the requirements for screening and testing of human 
donors were met (21 CFR 1271). Characterization tests are performed when the bank is 
developed, and include tests for phenotype, genotype, and cellular isoenzyme expres- 
sion to establish identity. In addition to consistency and control, a cell bank is tested 
to ensure safety of the production cell lines. The Agency recommends that testing be 
performed to demonstrate that a master cell bank (MCB) is free from Mycoplasma, 
endotoxin, bacteria, fungi, and adventitious agents (through in vitro and in vivo 
assays). Depending on its species of origin, the MCB should be tested for species-spe- 
cific pathogens. For human adenoviruses made in human cells, this will include CMV, 
HIV 1/2, HTLV 1/2, EBV, B19, HBV, and HCV. The Agency recommends that sponsors 
summarize the analytical testing in the regulatory file and establish acceptance criteria 
for these tests of the MCB. Many cell lines used in the production of adenoviral gene 
therapies are known to be tumorigenic in animal models and therefore additional test- 
ing to verify a tumorigenic phenotype is not usually required for qualification of a cell 
bank.“° In these cases, the manufacturers will demonstrate in final product testing that 
the product is free of the transforming agent (e.g., host cell DNA). More on host cell 
DNA is presented later in this chapter. 

The MCB is usually the first tier of a two-tier cell bank system; the second is the 
working cell bank (WCB). Usually, the purpose of the WCB is to extend the supply of 
the qualified MCB and it is created by expansion of one or more vials of the MCB. The 
amount of information for characterizing a WCB is generally less extensive because 
it is generated from the fully qualified MCB, usually at the same facility, in a similar 
manner, and using the same, or similarly qualified, raw materials and ancillary agents. 
Therefore, WCB qualification is typically limited to tests for sterility, Mycoplasma, 
adventitious agents (by the in vitro assay) and identity. 


3.2 Establishing a Virus Bank 


The generation of a master viral bank (MVB, sometimes referred to as the master virus 
seed) is the next stage in development after the adenovirus product has been designed 
and a cell bank has been established. A banking system is needed to ensure the control 
and consistency of a product and, like the MCB, the MVB is expected to last for the 
lifetime of a product. The MVB requires proper storage, identification, and appropri- 
ate record keeping (21 CFR 610.18). OCTGT has published guidance documents that 
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review recommendations for the qualification of an MVB under IND. These recom- 
mendations include an assessment of the history of the virus stock and a description 
of the banking system used for storage.*° The MVB is an important control point that 
allows thorough characterization and qualification of virus stocks used for production. 
Characterization and safety tests for qualification of the MVB involve some of the 
same testing recommended for the MCB and final product. For most manufacturers, 
the history of the virus can be fully documented and viral stocks have only been in 
contact with qualified cells. However, in situations where the initial virus construct 
was made using nonqualified cells or under poorly defined laboratory conditions, it 
would be appropriate to clone the virus by plaque purification or limiting dilution to 
remove any potential contaminants before being expanded into an MVB. Because of 
the redundancy in testing for the MVB and final clinical product, investigators for 
most first-in-human trials sometimes combine testing to qualify a new master virus 
bank and the release of a final product for clinical use at the same time. In these situa- 
tions, after the first production run is completed, a fraction of the final vialed product 
is used for clinical release and the remaining vials are stored as the MVB. Combining 
tests for the MVB and clinical lot has a cost advantage. 

As an important control point in manufacturing, the MVB is used for full sequence 
analysis and RCA testing. All adenovirus vectors for gene therapy should be sequenced 
prior to being used in clinical trials, based on recommendations in the November 2000 
Advisory Committee and published in guidance.*?*! Most vectors have been derived 
from serotype 5 and can be compared to the complete sequence in GenBank such as 
the adenovirus reference material (ARM) sequence (Accession Number AY339865). 
Some minor changes may be detected based on passage history and plasmids used 
during construction. The virus has an error-checking polymerase and a relatively low 
mutation rate. As such, evaluation of sequence stability of the transgene in the MVB 
and during production is not usually recommended for early-phase trials. However, 
some vector constructs have been reported to be unstable; examples include those that 
have repetitive sequences, which might allow for recombination, or those with trans- 
gene deleterious to the virus.*? Testing the MVB for the presence of sequence changes 
in these situations may be recommended at early stages of development. 

Another factor that may have a significant impact on the qualification of the virus 
bank is the presence of RCA. RCA arises by homologous recombination during rep- 
lication of E1-deleted constructs in a complementing cell line. Recombination occurs 
between the left end of the vector and the adenovirus sequence in the cell, resulting in 
the acquisition of E1 by the vector. The effect of RCA on production and control of 
the product can be significant. If RCA-contaminated stocks are expanded, RCA levels 
can increase at the expense of the intended product after multiple passages.*> The 
presence of RCA can interfere with in vitro adventitious agents testing performed for 
lot release. RCA-contaminated products in animals have been demonstrated to have 
reduced transgene expression and increased inflammatory responses.** High levels of 
RCA in the final product are also a potential safety consideration that may necessitate 
additional toxicology studies or additional precautions taken in the design of the clini- 
cal trial. In general RCA levels can be reduced by limiting the amount of homologous 
sequence in the vector and producer cell line.*°**~+7 The Agency has recommended 
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that products contain no more than one RCA in 3 x 10!°vp.°? This number was chosen 
based on an estimation of the level of purity that typical manufacturers were able to 
achieve. If a manufacturer is not able to meet this recommendation, a new production 
system with a lower chance of producing RCA should be considered. 


3.3 Production and Purification Strategies 


Most gene therapy applications require relatively high doses of a pure product. High 
titers are usually needed to target sufficient cells for gene transfer, and impurities 
may limit transgene expression by inducing immune response or inflammation. Ade- 
novirus products are attractive candidate vector systems because of the ability to 
manufacture a high titer and high purity product. High titers are possible because 
the virus is efficient at creating progeny. One infected cell can result in 10,000 new 
virus particles and yields of about 1x 10!! vp per milliliter of cell culture are com- 
monly achieved.** The typical purification process involves harvest of infected cells 
and a lysis step to release cell-associated virus. This is followed by clarification of 
cellular debris, digestion of nonencapsidated DNA, separation step(s), and buffer 
exchange for final formulation. The stable, nonenveloped nature of the capsid allows 
for robust enrichment methods, and the typical approaches include density gradient 
ultracentrifugation or anion exchange chromatography. Both allow purification of 
virus particles from cellular components and adventitious agents. Density gradient 
ultracentrifugation has the advantage of removing empty capsids based on the lower 
density of empty capsids, but this technique cannot be performed as a closed system 
and is difficult to scale-up. In the past, many investigators started with purification 
by ultracentrifugation in early-phase studies, and then switched to chromatographic 
separation later in development. The Agency advises IND sponsors to discuss major 
manufacturing changes, including scale-up, before implementation. Prior to initia- 
tion of Phase 3 studies the Agency will consider the potential impact manufacturing 
changes have on the safety profile of the product. After Phase 3 studies have been 
initiated, manufacturing changes are reviewed for potential impacts on the efficacy 
and safety of the product. 

Product-related impurities include noninfectious particles, aggregates, free viral 
capsid proteins, and vector nucleic acid. Process-related impurities include host cell 
protein, host cell DNA, residual culture media components, residual solvents, addi- 
tives, antifoaming agents, or enzymes used in production. The Agency recommends 
that manufacturers develop quantitative lot release assays for purity prior to initiating 
clinical studies (e.g., relative amount of infectious particles expressed as a ratio com- 
pared to viral particles).*° Other tests should be developed during early-phase studies 
and be in place by the start of Phase 3. Probably the most significant product-related 
impurity at the production and purification stage is DNA. The greatest by-product of 
replication is viral nucleic acid, and both viral and cellular DNA may be present as 
impurities in the final product. Steps to remove DNA are needed for many reasons. 
During manufacturing the presence of DNA can interfere with chromatography, and 
thus digestion of DNA can reduce fouling of columns. DNA may also interfere with 
quantitation methods for calculating virus particle levels, and the presence of low 
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levels of DNA has also been associated with vector aggregation.*? For all these rea- 
sons, removal of DNA is an important process step during purification. The presence 
of DNA from tumorigenic cell lines in the final product is also a safety concern. 
For gene therapy vectors, it has been recommended that products contain not greater 
than 10ng host cell DNA per dose.*° This is consistent with general guidelines for 
vaccines and other biologicals prepared in continuous cell lines.°! A size limit for 
host cell DNA is also recommended since it is likely that reduction of DNA fragment 
size reduces the risk from DNA, as the smaller the DNA fragments are, the lower the 
probability that intact oncogenes and other functional sequences would be present. 
DNA fragments smaller than 200 bp will give substantial safety margins for products 
that meet the 10ng per dose limit.** Therefore host cell DNA is recommended to be 
between 100 and 200 bp. 

Process-related impurities also include chemicals such as plasticizers and plastic 
additives that may leach from contact surfaces into the adenovirus product during 
production or storage. Leachables may pose safety concerns or interfere with product 
performance, although they are usually present only at very low levels. Another signif- 
icant concern is that leachables can also interfere with analytical test methods. Some 
contaminants have been identified that absorb strongly at 260nm and can interfere 
with viral quantification methods, leading to inaccurate measurements of viral dose.” 
Careful study of leachables is usually performed during late stages of development. 
Prior to this stage, manufacturers should carefully qualify and control the plastic mate- 
rial used in production that comes into contact with the viral product. 


3.4 Qualification of Raw Materials and Reagents Used 
in Production 


Various raw materials are used in the production of adenoviruses. Use of these 
materials may affect the quality, safety, and efficacy of the final product. The quality 
of the culture media and raw materials should be documented in the regulatory file 
with respect to identity, purity, sterility, biologic activity, and absence of adventi- 
tious agents. Typically trypsin and serum are the only animal-derived components 
commonly used in adenovirus gene therapy production. For all animal-derived 
components, the manufacturer should provide information on the source organism, 
supplier/vendor, country of origin, infectious agent testing, and stage of manu- 
facture in which the component is used. This information is collected to mitigate 
potential concerns regarding transmission of bovine spongiform encephalopathy 
and transmissible spongiform encephalopathy and other infectious agents. Trypsin 
and serum should be tested by vendors to ensure the absence of bovine viruses and 
porcine parvoviruses. If these are not documented in the certificates of analysis, 
these tests will be required to qualify the MCB and/or MVB. Animal-derived mate- 
rials should be compliant with the requirements for the ingredients of animal origin 
used for the production of biologics (9 CFR 113.53). Serum and trypsin may also 
harbor infectious agents not detected by qualification tests. Because these reagents 
may potentially introduce contaminants into the production process that may not be 
removed during purification and may not be detected during final product testing, 
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nonanimal-derived, alternative synthetic, or gamma-irradiated materials may be 
advantageous. If proprietary serum-free medium is used, the sponsor must provide 
a letter of cross-reference for the material. 


4. Manufacturing Control 
4.1 Product Testing 


Testing on the adenoviral vector-based product should include the routine safety testing 
outlined in the general biological standards (21 CFR 610) and applicable guidance 
documents.*? These include tests for sterility, Mycoplasma, endotoxin, and adven- 
titious agents (including RCA). In addition to these assays, additional customized 
assays will be required over the course of clinical development. Common virologi- 
cal assays are used throughout development for quantification of the virus and these 
assays play an important role in the analytical characterization and release testing of 
adenoviral vector-based products. Testing the final product relies on measures of both 
physical and biological properties of the viral particles. Viral particles are assessed 
through detection of particle components such as DNA or capsid proteins. The most 
common method for calculating virus particles is an absorbance measurement of lysed 
particles at OD 260.5455 The data are then converted to a particle number based on 
the extinction coefficient for a 36kb adenovirus, or based on an extinction coefficient 
specifically determined for the genome size of the adenovirus product. The OD 260 
method is commonly used to determine dose for clinical-grade preparations of adeno- 
virus. To facilitate the standardization of this method (as well as other methods noted 
below), an ARM was established in 2002. This material serves as a quantitative and 
qualitative reference of serotype 5 adenovirus, and is commercially available from 
ATCC to be used by manufacturers in their qualification program.°° 

Another common assay for calculating adenovirus virus particles is anion exchange 
high-performance liquid chromatography (AEX-HPLC). AEX-HPLC is useful for ana- 
lyzing both crude and pure samples.°’>® Virus particle quantification by AEX-HPLC 
relies on an absorbance measurement after elution from a positively charged matrix. 
Pure adenovirus can be eluted at a nearly symmetrical peak and can be distinguished 
from residual DNA, hexon protein, and cellular debris. The viral capsids remain intact 
during chromatography, and empty and full capsids are not separated. Virus particle 
concentration is derived from a calibration curve that reports the known virus particle 
concentrations against the corresponding absorbance area of the viral peak using a ref- 
erence standard. This approach is more robust than the OD260 method because it can 
be used to measure virus particle concentration in samples of nonpurified cell lysate.’ 
This method can also measure the overall purity of a preparation by integrating all of 
the absorbance peaks and determining the percentage of the viral peak. 

Physical particle counts alone are not sufficient to measure the activity of a virus 
preparation because they are unable to distinguish functional from nonfunctional 
particles. In order to assess the infectivity of a preparation (or number of infectious 
particles), cell culture infectivity assays are performed. These types of assays report 
the infectivity of the virus by assessing the ability of the virus particles to be taken 
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up by cells and execute one or more steps in the virus life cycle. A large number 
of assays can be used to measure infectivity. The most common infectivity assays 
are based on cell killing or CPE of the infected cell and these include plaque assays 
and limiting dilution assays. The theory behind the limiting dilution assay is that, at 
limiting dilution, each CPE-positive well will represent a single infectious particle, 
distributed according to the Poisson distribution. This method is more standardizable 
than the plaque assay, but as with any biological assay the results are highly variable. 
Under typical conditions, only a small percentage of virions actually infect the cell 
monolayer, and therefore the results are often corrected for the theoretical diffusion 
rate of the virus. This calculation is often referred to as the NAS (normalized and 
adjusted standard) method.°? NAS titers can correct for differences in incubation time 
and incubation volume that may otherwise affect the results of this assay. A number 
of other infectious titer assays have been developed, including focus-forming assays 
and polymerase chain reaction (PCR)- or flow cytometry-based assays (reviewed in 
Dormond et al.).®° All of these are acceptable approaches for measuring infectious 
virus. A well-characterized reference standard is an important control to include in 
these assays to understand assay variation. The ARM has been useful in qualifying a 
manufacturer’s in-house reference standard and standardizing infectious titer results 
between manufacturers.>° 

The Agency has developed recommendations to ensure that preparations of ade- 
novirus have a minimum activity in terms of infectivity per physical particle.*? This 
ratio was designed to be a measure of the specific activity of a preparation and is 
expressed as a ratio of particles to infectious units. The current recommendation is that 
the particle to infectious unit ratio be no greater than 30:1. The previous recommen- 
dation of 100:1 plaque-forming units was developed shortly after the first adenovirus 
gene therapy trials were initiated, and remained in effect until 2000.5? After review of 
data received in response to the March 6, 2000, Gene Therapy letter, it was apparent 
that almost all vector lots have a ratio of less than 30:1 particle to infectious units.°! 
However this ratio can be highly variable, depending on the assay used to measure 
infectivity. Using the NAS titer can help overcome some of the variability of different 
infectivity assays. However, it may not be possible to manufacture some viral 
constructs, including those from different serotypes, at this level of specific activity. This 
recommendation was developed based on experience with the serotype 5 viruses and 
is applied generally as a target level for early development. Ultimately, manufacturers 
will have to set a specification for the particle—infectious unit ratio based on manufac- 
turing experience. 

Investigators will also have to develop specific custom assays for a product over 
the course of clinical development. These include the development of methods for 
assessment of potency, identity, and purity. The development of specifications for each 
of these parameters is an important part of product development and characterization. 
Potency assays are probably the most challenging custom assays to develop. Tests 
for potency should consist of either in vitro or in vivo tests (or both) that measure a 
biological activity(ies) linked to how the product functions.® Acceptability will be 
determined on a case by case basis, but these tests must (1) measure the biological 
activity of active components, (2) be available for lot release, (3) provide a quantitative 
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readout, (4) meet predefined acceptance/rejection criteria, (5) include appropriate ref- 
erence controls, (6) be stability indicating, and (7) be validated before licensure. 

Identity assays are also specific for each product. Before initiation of Phase 1 stud- 
ies, an identity assay is recommended that will adequately identify the product and 
distinguish it from any other product being processed in the same facility.°? For most 
adenoviruses, this would include restriction enzyme digestion patterns and PCR. An 
appropriately designed PCR should be specific enough to satisfy this recommenda- 
tion, but may need to be updated if other similar products are made in the same facility 
over time. 

Tests for purity may vary based on the purification methods used in the manufac- 
turing process. For example, process-related impurities such as CsCl, detergents, or 
Benzonase® are necessary only when these substances are used during the purification. 
Not all tests necessarily need to be developed into lot release tests with specifications. 
Rather some may be used mainly in situations when more extensive testing is required, 
such as process validation and comparability testing. Custom tests may be designed 
with a specific understanding of the product and manufacturing process. For example, 
an improved manufacturing process to remove human SET and Nucleolin was able to 
provide higher purity vector preparations.®° Tests to measure specific protein impu- 
rities can be very sensitive, and these tests may be helpful for supplementing more 
general methods to assess viral purity. 

Normal adenovirus replication results in the production of a small proportion 
of empty capsids.®* Empty capsids may copurify with viral particles using anion 
exchange chromatography based on a similar capsid structure and charge.®> Empty 
capsids are immature viral particles that contain no DNA when measured by the 
OD 260 assay, and therefore the extinction coefficient for empty capsids is very 
different than that of intact capsids. It can be difficult to accurately measure the 
percentage of empty capsids through direct measurements. Measurements of empty 
capsids are not required for initiation of Phase 1 studies, but may be included as 
a part of product characterization later in development. Direct measurements of 
empty capsids usually involve analytical ultracentrifugation or transmission elec- 
tron microscopy. However, Vellekamp et al. have identified a unique approach for 
measuring a marker of empty capsids, a capsid precursor protein (pVIII).° Thus 
quantification of pVIII by SDS-PAGE or RP-HPLC may help simplify empty capsid 
measurements for some vectors. 

Like other highly purified, highly concentrated protein preparations, adenovirus 
vectors may aggregate under certain circumstances. Aggregation might be visible to 
the naked eye as cloudiness or a white precipitate, but aggregation can occur that is 
not visible. A simple spectrophotometer-based static light scattering assay has been 
reported and is suitable for routine lot release; however, it is somewhat qualitative 
and not very sensitive. More sophisticated assays use disc centrifuge or dynamic light 
scattering, which can measure particle diameter and dispersity.°°®’ Finally, analytical 
ultracentrifugation can provide detailed information about particle sizes.°* Development 
tests for aggregation may be more sensitive in detecting loss of infectious particles 
than infectivity assays, and therefore perhaps may serve as a sensitive indicator of 
batch-to-batch activity. 
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4.2 Quality and Current Good Manufacturing Practices 


A goal of the Agency’s current good manufacturing practices (CGMPs) is to ensure 
quality through control and regulation at each step of a manufacturing process. The 
cGMPs are directed at the commercial manufacturer for large, repetitive commercial 
batch production. Therefore, full application of cCGMPs may not be achievable for the 
manufacturing of most investigational drugs used for Phase | clinical trials. In 2008, 
the FDA amended the cGMP regulations under 21 CFR part 211 to exempt most prod- 
ucts made for use in Phase 1 clinical trials and published the Guidance for Industry 
“CGMP for Phase I Investigational Drugs”. The Agency provides recommendations in 
this guidance document that manufacturers of Phase | investigational drugs can use to 
comply with cGMP requirements of section 501(a)(2)(B) of the Food, Drug and Cos- 
metics Act. The adherence to cGMP during the manufacture of Phase 1 investigational 
drugs occurs through having well-defined, written procedures, and having adequately 
controlled equipment and an adequately controlled manufacturing environment. Con- 
sistent with the cGMPs, the Phase 1 manufacturing program should include accurate 
and systematically recorded data from manufacturing (including process and final 
product testing). In addition, a quality control (QC) program, which is separate from 
manufacturing, should be in place at the earliest phase of product manufacture. This 
QC unit should be responsible for ensuring the quality of the product and for product 
release for clinical use. The role of the QC unit is described in Part 211 of Section 21 
of the CFR. 


5. Preclinical Evaluation of Adenoviral Vector-Based 
Therapies 


Advances in science and technology have resulted in the development of many types of 
adenovirus vector-based therapies, intended to treat a diversity of medical diseases and 
conditions. However, prior to administration of such products in humans, “adequate 
information about pharmacological and toxicological studies...on the basis of which 
the sponsor has concluded that it is reasonably safe to conduct the proposed clinical 
investigations” is needed (21 CFR 312.23 (a)(8)). The preclinical program for each 
adenovirus-based therapy should thus be designed to evaluate the benefit of product 
administration in relation to the risk of administration in the identified patient popu- 
lation. This section will provide an overview of preclinical evaluation considerations 
for adenoviral vector-based products to support administration in clinical trials. For a 
more comprehensive discussion, refer to the FDA/CBER guidance titled, Guidance 
for Industry: Preclinical Assessment of Investigational Cellular and Gene Therapy 
Products (herein referred to as the “preclinical guidance”). 


5.1 Proof-of-Concept Studies 


The proof-of-concept (POC) studies, the initial translational step from the discovery 
stage, help establish the feasibility of use of a specific investigational product in a 
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particular disease/condition. The data generated for the adenoviral-based gene therapy 
can (1) help define a pharmacologically active dose range, (2) determine a potentially 
optimal route and anatomic location for product administration, and (3) inform a pos- 
sible dosing regimen for the clinical trial. In addition, a preliminary biodistribution 
(BD) profile of the administered vector can help delineate potential target and nontar- 
get tissues. 

The POC program can consist of both in vitro and in vivo studies. In vitro studies 
provide additional insight into the biological activity and mechanism of action of the 
gene therapy product and help support the biological relevancy of animal species/ 
model used, or may be used for POC if there is not an applicable animal model. 
The use of animal models of disease/injury allows for potential further insight 
and understanding of the pharmacological profile of the administered product. For 
example, antitumor activity may be evaluated in syngeneic murine tumor models, 
murine:human hybrid tumor xenografts, transgenic models, and animals with spon- 
taneously occurring cancers. 

Considerations when selecting an appropriate animal species can include (1) assess- 
ment of the animal’s pharmacological response to the clinical transgene delivered by 
the adenoviral vector or to the ex vivo adenoviral transduced cells, (2) permissiveness/ 
susceptibility of the species to vector transduction or to virus replication, and (3) the 
comparative physiology and pathophysiology of the animal species to the proposed 
human population.”° These considerations also affect the use of a particular model of 
disease/injury to study the adenoviral vector-based therapy. 


5.2 Safety Testing 


The overall goal of the toxicology studies is to further understand the benefit:risk ratio 
for use of a specific investigational product in a defined clinical trial. Characterizing 
the vector-based product proposed for clinical use (e.g., vector backbone, replication 
status, expressed transgene) and knowing the administration route/anatomic location 
for product delivery are considerations in the overall paradigm for safety assessment. 
Additional factors are the BD, viral replication, and potential persistence of the vector 
in nontarget tissues and the potential for inappropriate immune activation in the host. 
Another important element is the expressed transgene, which can link to risks such 
as undesired immunogenicity and toxicity from overexpression in target as well as 
nontarget tissues. 

The design of studies to evaluate the safety of gene therapies, including adenoviral 
vector-based products, should consider the biological relevancy and disease status of 
the animal species, the route of administration, and other factors, as discussed in the 
preclinical guidance. 


5.2.1 Selection of Animal Species 


Appropriate scientific justification should accompany the selection of the relevant 
animal species/models used in the safety assessment of the adenoviral vector-based 
therapy. Consideration of anatomy, physiology, age, clinical delivery system and 
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procedure, and the anatomic site of product delivery is important. The inclusion of 
multiple animal species (e.g., rodent and nonrodent) for safety testing of gene therapy 
products is not a default position. 

In addition, selection of a particular animal species/strain may affect the interpreta- 
tion of resulting study data. For example, intravenous injection of adenovirus vectors 
in rats resulted in induction of shock mediated by platelet-activating factor.’! Adeno- 
virus interaction with a variety of host proteins, in particular coagulation Factor X, has 
also been identified as part of the inherent effects on liver tropism, which, combined 
with macrophage scavenging, may impact viral activity and induce potential adverse 
effects.’?-3 In many instances, toxicities related to the vector itself (e.g., inflammatory 
reaction to adenovirus capsid proteins) can occur. 

In some cases, the expressed human transgene may be biologically active only 
in humans and in nonhuman primates. In such cases, consideration is given to other 
animal species, such as (1) rodents responsive to adenovirus that are subsequently 
“humanized” to express the human target receptor(s) and (2) to vector expressing an 
analogous animal transgene. 

The use of large, nonrodent animal species may be appropriate in certain instances, 
such as for the evaluation of a new delivery system and novel anatomic site pro- 
posed for the clinical trial; however, providing appropriate rationale for the species 
is important. 

If feasible, safety endpoints should be added to POC studies to facilitate assessment 
of the disease-related pathology to any toxicity observed. However, when analyzing 
the resulting data, the underlying pathology associated with the disease state may be 
a possible confounder. 


5.2.2 Route of Administration and Dosing Regimen 


It is important that the route of administration, delivery device, and the delivery pro- 
cedure for the adenoviral vector-based therapy reflect the clinical plan to the extent 
possible. Although the dosing regimen should mimic the intended clinical trial regimen, 
this may be difficult to achieve in rodents. A modified regimen may be substituted if it 
reflects a worst case scenario in terms of the frequency of exposure and total exposure 
levels that are equivalent in humans. The adequacy of the modified regimen should be 
based on the data derived from BD studies. 


5.2.3 Dose Level Selection 


Knowing the pharmacologically effective dose level range obtained from POC stud- 
ies is an important element when designing the toxicology studies. It is important 
that dose levels bracketing this range be administered in the safety studies in order 
to determine a possible threshold at which toxicity is observed. The highest dose 
level administered may be restricted due to animal size, route of administration, tis- 
sue volume/size, and/or product manufacturing capacity. The dose level at which no 
biologically or statistically significant increase in the severity or frequency of adverse 
findings in safety parameters such as clinical observations, clinical pathology, his- 
topathology, or other observation parameters selected with the specific product in 
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evaluation, as compared to appropriate concurrent controls, is observed is termed a 
“no-observed-adverse effect dose level” (NOAEL). 

The extrapolation of the NOAEL in animals to the starting clinical dose level for 
most gene therapy products can be determined based on body weight, if the product 
is delivered systemically or results in systemic exposure, organ mass or volume if the 
product is delivered locally, or other factors. It is important to justify the extrapolation 
method used. In all preclinical studies appropriate concurrent controls, such as ani- 
mals that are untreated, given vehicle alone, or administered null vector, should also 
be included. 


5.3 BD Assessment 


Studies evaluating the BD of the in vivo administered vector in “expected” target tis- 
sues, “unexpected” nontarget tissues, and biological fluids (e.g., blood, semen) help 
inform the design of the toxicology studies (e.g., dose levels, dosing regimen, route 
of administration). Adenovirus vectors can remain in the host tissues indefinitely 
following administration. Thus, the data generated from analysis of blood samples 
obtained at various time points are not necessarily indicators of the virus level in 
tissues; therefore, multiple sacrifice intervals are usually needed in order to obtain a 
comprehensive BD profile. 

The BD profile for the adenoviral vector-based therapy is characterized prior to ini- 
tiation of the initial clinical trial. For subsequent clinical trials, additional BD studies 
may be needed. Examples include a change in product (e.g., formulation), route of 
administration, or dosing schedule. 

Although the risk of inadvertent gene transfer to germ cells or vertical transmis- 
sion of the foreign gene is not significant for adenoviral vectors, if the BD data 
indicate high levels of vector DNA in the reproductive tissues and germ cells, then 
reproductive/developmental toxicity concerns may need to be assessed prior to 
administration of the product to humans. Further discussion on this aspect can be 
found in the preclinical guidance. 

In addition, the guidance document titled, Guidance for Industry: Gene Therapy 
Clinical Trials—Observing Subjects for Delayed Adverse Events contains recommen- 
dations regarding tissues to be collected and analyzed via a quantitative PCR assay. 
Depending on the route of administration used, additional tissues may need to be col- 
lected and analyzed. Vector presence in tissues or biological fluids may trigger further 
analysis to determine transgene levels. 


5.4 Good Laboratory Practice 


Preclinical toxicology studies should be conducted in compliance with Good Labo- 
ratory Practice (GLP) as set forth in 21 CFR Part 58, in order to ensure the quality 
and integrity of the safety data that are generated. However, some toxicology studies 
do not fully comply with GLP. In such cases, an explanation for this noncompliance 
is expected in the final study report and aspects of the study that deviate from the 
protocol and the potential impact of these deviations on study integrity should be also 
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included in the report. It is important that all preclinical studies be conducted accord- 
ing to a prospectively designed protocol, be performed in as nonbiased a manner as 
possible, and have appropriate record keeping and documentation of all data. In addi- 
tion, oversight of the conduct of all non-GLP toxicology studies and each resulting 
final study report by a Quality Assurance unit/person that is independent of the per- 
sonnel responsible for the conduct of the study (21 CFR Part 58.35) is recommended. 
Such oversight is important to ensure study conduct according to sound procedures 
and to ensure the quality and integrity of the resulting data.°° 


5.5 Considerations for Late-Phase Clinical Trials 


As the product development program progresses into late-phase clinical trials, the need 
for additional in vitro and/or in vivo preclinical studies depends on factors such as (1) 
significant changes in product manufacturing or final product formulation, (2) changes 
in the administration route, process, or anatomical site, (3) dosing schedule modifi- 
cations, (4) modified patient population, (5) safety concerns that arise in the clinical 
trial, or (6) reason to conduct reproductive/developmental toxicity evaluations. Dis- 
cussions with CBER to address such concerns for an adenoviral vector-based therapy 
are recommended. 


6. Introduction to Clinical Testing 


The goal of clinical testing is to provide information about a product’s safety and 
effectiveness and, ultimately, allow new products to come to the marketplace. The 
principles described below are not unique to gene therapy vectors in general nor to 
adenoviral vectors in particular. 


6.1 Phases of Clinical Development 


Premarket clinical testing proceeds in a stepwise manner, often referred to as Phases 
1, 2, and 3 of clinical development, although the phases are not always discrete. Phase 
4 studies are those performed after a marketing authorization is obtained. Each phase 
of product clinical testing has its series of goals or objectives. 

The primary goals of Phase | testing are to learn about the product’s safety and 
pharmacokinetic profile, and to identify a safe dose or doses for further study. Phase 
1 studies involve small numbers of study participants who are closely monitored for 
the drug effects. A common Phase | design is a single dose, ascending dose, cohort 
study. Escalation to the next dose cohort occurs after sufficient safety assessment of 
the preceding cohort. The starting dose and dose-escalation scheme employed depend 
on the data gleaned in preclinical testing, and the choices may also be influenced by 
other clinical data, if available (e.g., from closely related products or from the same 
product studied in a different population). Dose escalation usually proceeds until a 
defined endpoint, such as a near maximal tolerated dose or an optimal biologic dose, 
is reached. 
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Phase 1 studies for some kinds of drugs might be conducted in healthy volunteers 
when anticipated adverse effects of the product are expected to be minimal and tran- 
sient and the target population (those with the disease or condition of interest) has high 
background rates of adverse events, making it difficult to tease out the safety profile of 
the product. However, for many classes of drugs and biologicals, including adenovirus 
gene therapy products, the potential short- and long-term adverse effects generally 
make their risks unacceptable for testing in healthy volunteers. 

The next phases of clinical testing, Phases 2 and 3, build on the information gener- 
ated from the prior studies. The goal of Phase 2 testing is to gain preliminary or further 
evidence of the product’s activity in the disease or condition of interest and to begin to 
characterize that activity. Phase 2 is the ideal time to optimize the dose and/or dosing 
regimen, determine the specific subset of the target population expected to respond to 
the product, the response parameters that are most likely to reflect clinical benefit, and 
to build on the safety database. Phase 2 trials often are randomized, controlled, and 
conducted in multiple centers. 

Phase 3 of clinical testing includes clinical studies to establish the product’s effec- 
tiveness, as well as to continue to ascertain the product safety in the setting of a larger 
study population. The number of efficacy trials, trial design(s), and size of the safety 
database necessary to determine net clinical benefit depend on a number of factors, 
including but not limited to the class of product under development, the condition or 
disease being studied, and the availability of other therapies. 

Phase 4 of clinical testing comprises studies conducted after market approval, 
usually referred to as postmarketing studies. Common reasons for conducting these 
studies are to acquire more complete safety data, to address questions that arose 
during the premarketing investigations, or to evaluate the product in other related 
settings, such as children, the elderly, or people with more advanced stages of the dis- 
ease. The design of a postmarketing study (such as a randomized controlled clinical 
trial or a registry) depends on the questions to be addressed. 


6.2 Good Clinical Practices 


Good clinical practice (GCP) is a set of principles and procedures intended to preserve 
and protect the rights and confidentiality of human research subjects and to ensure, to 
the extent possible, that the clinical research generates valid scientific data. The origins 
of a code of conduct to protect human subjects in clinical research date back to the 
Nuremberg war trials and the Declaration of Helsinki. In 1996, the FDA, under the aus- 
pices of the International Conference on Harmonization (ICH), published the guidance 
document titled: Guidance for Industry—E6 Good Clinical Practice: Consolidated 
Guideline. Basic principles of GCP will be discussed below; the reader is referred to 
the CBER Website http://www.fda.gov/Drugs/GuidanceComplianceRegulatory 
Information/Guidances/ucm065004.htm for the full document.”* 


6.2.1 Responsibilities of Sponsor and Investigators 


The sponsor has responsibility over all clinical studies conducted under the IND appli- 
cation and communicates with the FDA. As set forth in regulations at 21 CFR 312 
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Subpart D and in the ICH GCP guidance, the oversight function includes selecting 
study investigators, reporting safety information to the FDA, and providing accurate 
and timely information to all investigators. In some cases, a sponsor may transfer all 
or some of its obligations to a contract research organization, although the sponsor 
retains ultimate responsibility for the IND. 

Clinical investigators also have specific obligations, delineated in 21 CFR 312 Sub- 
part D and in the ICH GCP guidance. Investigators are responsible for selecting study 
participants based on eligibility requirements of the protocol, and for obtaining the 
protocol-specified evaluations. The investigator is responsible for the welfare of the 
study subject at his/her clinical site. This includes collecting safety data and report- 
ing safety information to the IND sponsor. The investigator also must account for all 
investigational medical product, maintain accurate records, provide annual updates 
to the Institutional Review Board (IRB), and obtain informed consent from all study 
participants. 

Individual physicians who assume the roles of both sponsor and investigator (spon- 
sor—investigator) should be familiar with guidances and federal regulations that set out 
the respective duties of the sponsor and the investigator. 

Where the sponsor and investigator are distinct, their separate roles, with the for- 
mer overseeing the latter, incorporate the checks and balances that minimize bias, 
and maximize patient safety and trial validity. Under these conditions, a sponsor 
must provide his or her investigator(s) with an Investigator’s Brochure, containing 
important information about the product (including any nonclinical and clinical stud- 
ies conducted using the product) to allow the investigator to recognize adverse events 
and protect subjects in the study. 


6.2.2 Adverse Event Reporting 


Adverse event collection and reporting is a fundamental aspect of drug development 
and of human subjects protection. The clinical investigator is the individual who iden- 
tifies, evaluates, and documents adverse events experienced by study participants at 
his or her site and who is responsible for updating the IND sponsor and the IRB as 
appropriate, as set forth in federal regulations (at 21 CFR 312.64). 

The sponsor is responsible for submitting safety information to the FDA. The timing 
and reporting format will depend on the nature of the adverse event. The sponsor must 
report to the FDA in writing every serious and unexpected suspected adverse reaction 
(SUSAR). An adverse event is considered serious if it results in death, a life-threat- 
ening event, inpatient hospitalization or prolongation of hospitalization, persistent 
or significant incapacity or substantial disruption of the ability to conduct normal 
life functions, or a congenital anomaly/birth defect. An adverse event is a suspected 
adverse reaction if there is evidence to suggest a causal relationship between the drug 
and the adverse event. It is unexpected if it is not listed in an investigator’s brochure or 
in the risk information described in the general investigational plan, or, if listed, is not 
listed at the specificity or severity observed. The sponsor must report a SUSAR within 
15 calendar days of determining that the event qualifies for reporting. Any unexpected 
life-threatening or fatal SUSAR must be reported by telephone (or facsimile) within 7 
calendar days of receipt of the information (as per 21 CFR 312.32). The telephone and 
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written reports constitute expedited reports. Although causality assessment is integral 
to expedited reporting, a determination that a given investigational product caused or 
was associated with an adverse event in the course of a clinical study is not always 
easy. In 2010, the FDA modified the safety reporting regulations to, among other 
objectives, reduce the number of safety reports that were uninformative. The causality 
standard was clarified to explain that a reasonable possibility that the experience was 
caused by the drug meant that there was evidence to suggest a causal relationship. In 
evaluating and reporting an individual adverse event, the sponsor also needs to identify 
previous similar SUSARs and analyze the event in light of similar reports or relevant 
information. Additional information about IND safety reporting requirements can be 
found in the FDA publication titled Guidance for Industry and Investigators—Safety 
Reporting Requirements for INDs and BA/BE Studies (2012), which is available at 
http://www.fda. gov/BiologicsBlood Vaccines/GuidanceComplianceRegulatory 
Information/Guidances/General/ucm239423.htm. 

The sponsor is also required to submit to the IND an annual report that includes a 
summary of the most frequent and the most serious adverse events (21 CFR 312.33). 
The ICH E3 guidance titled Guideline for Industry—Structure and Content of Clinical 
Study Reports (1996) and a companion guidance titled Guidance for Industry—E3 
Structure and Content of Clinical Study Reports—Questions and Answers (R1) (2013) 
describe the manner in which safety data for individual studies should be organized 
and presented to regulatory authorities in marketing applications.’>.”° A marketing 
application includes an integrated summary of the entire safety experience for the 
product. The FDA, as part of the ICH process, is developing a guideline titled The 
Common Technical Document for the Registration of Pharmaceuticals for Human 
Use that addresses, among other items, formatting of integrated safety data.’”’ Once 
a product is marketed, a passive surveillance system allows for the continued col- 
lection and reporting of safety information.’® For some products, such as ones that 
pose unique long-term risks, a more active type of postmarketing follow-up might be 
required as a condition of approval. 


6.2.3 Consent and Vulnerable Populations 


In general, prospective participants cannot be enrolled into a trial without their 
consent. Elements of the consent form and the informed consent process are set 
forth in 21 CFR 50.25. Before consenting, study participants must be informed 
of known and potential toxicities that may occur from participation in a trial of 
an investigational product, even if the likelihood of toxicity is remote. The IRB 
for each institution participating in a study must review and approve the consent 
form and the clinical research protocol before the study can be initiated at that 
institution. The composition and duties of the IRB are described in the ICH GCP 
guideline and in 21 CFR 56. 

For some of the disorders that are targets of gene therapy, such as inborn errors of 
metabolism, the affected population will be pediatric subjects. Mechanisms exist to 
strengthen the human subject protections for study participants who may be particu- 
larly vulnerable, such as children, who cannot give valid consent. When a child is to be 
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enrolled in a research study, the parent or legal guardian consents (gives permission) 
for the child. Additional required safeguards for children in clinical investigations are 
described in 21 CFR 50, Subpart D. Similar protections apply also to individuals who 
cannot provide informed consent due to neurologic or psychiatric disabilities. 


6.2.4 Monitoring and Auditing 


Monitoring and auditing are fundamental aspects of GCP. Although their purposes are 
similar (to ensure appropriate trial conduct and data validity), the approaches differ. 
As stated in the ICH GCP document, monitoring is “the act of overseeing the prog- 
ress of the clinical trial and ensuring that it is conducted, recorded, and reported in 
accordance with the protocol, standard operating procedures, GCP, and applicable 
regulatory requirements.” Medical monitors, usually employees of the sponsor, per- 
form on-site (and, if applicable, off-site) evaluations of trial-related activities. The 
extent and frequency of monitoring should be appropriate for the length, complexity, 
and other particulars of the trial. Among the functions of the monitor is identification 
of deviations in protocol conduct so that the sponsor may take appropriate corrective 
steps, for example, retraining investigators, closing out certain sites, etc. 

An additional measure of human subject protection is use of a Data Monitoring 
Committee (DMC) to evaluate accumulating data from a clinical trial.’ Generally, 
the sponsor establishes the DMC, including selecting the members and devising their 
charter. The DMC members should be independent of the sponsor and clinical inves- 
tigators. The role of the DMC varies according to the charter and the nature of the 
study. The DMC is usually empowered to recommend study modifications to enhance 
safety of participants; in some cases, a DMC may recommend that a study be stopped 
if accruing data indicate a major safety concern. Of note, DMCs review data submitted 
to them but do not visit sites to directly ensure that the data are accurate, the protocol is 
followed, consent is documented, etc. Thus, a DMC does not perform the functions of 
or obviate the need for study monitors. Further discussion of DMCs and recommenda- 
tions regarding their composition, responsibilities, and operation can be found in the 
FDA guidance document titled Guidance for Clinical Trial Sponsors—Establishment 
and Operation of Clinical Trial Data Monitoring Committees (2006).°° 

Auditing is defined in the ICH GCP document as “‘the systematic and independent 
examination of trial-related activities and documents.” The audit is usually conducted 
at the conclusion of the trial. The sponsor may hire auditors who document findings in 
a written report to the sponsor. FDA field inspectors also conduct independent study 
audits. Traditionally, the purpose of the FDA audits has been to verify the data sub- 
mitted to the FDA in support of a marketing application. However, the FDA and the 
sponsor may conduct “for cause” or directed audits at any stage of clinical investigation 
if there is reason to suspect a problem with trial conduct or data integrity. 


6.3 Clinical Safety of Adenoviral Vector Products 


Most of the completed and ongoing adenoviral vector clinical trials are in early or 
middle phases of development, with a few products being investigated in Phase 3 
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trials, and a preliminary picture of the general safety of adenoviral vector products has 
begun to emerge. An overwhelming systemic inflammatory response, to which has 
been attributed, at least in part, the death of a volunteer in a trial of ornithine transcar- 
bamylase deficiency who received intrahepatic artery injection of a high dose of ade- 
novirus-containing product, has not been observed in other clinical trials, including those 
that employ systemic administration of similar doses of adenovirus vector. Although 
individuals have experienced systemic reactions such as fever, chills, hypotension, 
and laboratory findings of mild, transient elevated liver aminotransferases,*! the safety 
profile of adenoviral vector products has generally been well tolerated, so that issues 
related to the intrinsic safety of adenovirus as a vector or as oncolytic therapy have not 
been seen as a significant obstacle to the continued investigation and development of 
these products. 

Preexisting antibody to adenovirus, or the development of an antibody response 
following administration of an adenovirus-containing product, may play a role in 
product safety, although a clear relationship has not been established.’? The lim- 
ited data available have not suggested a correlation between high baseline levels of 
neutralizing antibody and adenovirus toxicity (or activity). Products intended to be 
injected directly into a tumor would be expected to be even less susceptible to baseline 
presence of neutralizing antibody. Moreover, in a study that involved repeat admin- 
istration of an adenovirus-containing product, participants developed large spikes in 
levels of neutralizing antibody after the initial dose. However, the toxicity profiles of 
the first and subsequent doses were similar, again suggesting a lack of correlation. It 
may be of value for clinical investigators to characterize the immune status of study 
participants at baseline and following adenovirus vector administration, and attempt to 
correlate adverse events with levels of, or changes in, antibody titer. Ultimately, such 
information might have relevance in patient selection criteria or in clinical monitoring 
to enhance safety and effectiveness. 

Concerns about late adverse sequelae, such as new malignancies, occurring years 
or decades following administration of replication-competent, integrating viruses 
resulted in FDA guidance regarding the recommended duration to follow subjects 
who have received gene therapies [FDA, Guidance for Industry: Gene Therapy 
Clinical Trials—Observing Subjects for Delayed Adverse Events (2006)]. Because 
the usual modifications used to create adenovirus vectors do not result in the virus 
being integrating or replication competent, the FDA is not currently recommending 
that patients exposed to such products be followed for the 15 year term that is being 
asked for retroviruses. Protocols for adenovirus product typically follow subjects 
for 5 years. 

Shedding refers to the release of oncolytic or gene therapy vectors from the patient. 
Shedding raised the possibility of transmission of product-based vectors from treated 
to untreated individuals. Shedding studies are typically done by incorporating addi- 
tional specimen collection and testing into studies that are part of the usual clinical 
development program for the product. Recommendations regarding shedding studies 
have been published in FDA guidance (FDA, Guidance for Industry: Design and 
Analysis of Shedding Studies for Virus or Bacteria-Based Gene Therapy and Onco- 
lytic Products), which has been discussed publically in a recent CTGTAC meeting. 
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For the typical adenovirus product that is not replication competent, the recommen- 
dation is that shedding data should be collected during Phase 2 trials, after a dose and 
dosing regimen have been determined. 


6.4 Bioactivity of Adenoviral Vector Products 


A goal of Phase 1 and Phase 2 testing is to determine if the adenovirus containing the 
transgene of interest is bioactive, and, if so, to determine whether the observed activity 
findings, together with the safety profile, warrant further clinical testing. Bioactivity 
measures may be laboratory findings, clinical outcomes (i.e., outcomes affecting how 
the patient feels, functions, or survives), or a combination of the two. One measure 
of bioactivity for gene therapy products is detection of gene transfer and gene expres- 
sion. Documentation of clinical or surrogate outcomes or alternative assessments 
(e.g., pharmacodynamic measurements), and correlations, if any, to levels of gene 
expression, can be very helpful in early product development. The extent to which the 
generation of such data will be feasible depends on, among other factors, the nature of 
the product, the clinical population in the study, and the state of the science regarding 
assays to detect the transgene. 

The majority of the clinical investigations with adenoviral vectors to date target 
patients with cancer. In the oncology setting, studies that are in Phase 2 of develop- 
ment are usually designed to capture data on tumor responses (complete and partial 
response rates). The demonstration that the adenovirus gene therapy product results in 
a certain level of tumor response, and the characterization of those responses (rates of 
complete and partial responses, duration of response, etc.), along with an acceptable 
safety profile, will usually be sufficient evidence of activity to warrant efficacy trials. 


6.5 Clinical Efficacy of Adenoviral Vector Products 


FDA grants market approval for products that are shown to be safe and effective. 
The efficacy standard, applicable to all drug and biologic products, as stated in sec- 
tion 505(d) of the Food, Drug, and Cosmetic Act, is substantial evidence, defined as 
“evidence consisting of adequate and well-controlled investigations, including clinical 
investigations, by experts qualified by scientific training and experience to evaluate 
the effectiveness of the drug involved, on the basis of which it could be fairly and 
responsibly concluded by such experts that the drug will have the effect it purports 
or is represented to have under the conditions of use prescribed, recommended, or 
suggested in the labeling or proposed labeling thereof.” The following paragraphs 
address the issues of the quality and quantity of clinical investigations that can provide 
“substantial evidence.” 


6.5.1 Choice of Control 


An “adequate and well-controlled” investigation is one whose design and execution 
produces valid scientific data. Clinical investigations intended to show efficacy must 
be controlled so that the effect(s) of the intervention can be distinguished from other 
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influences, such as spontaneous change, placebo effect, or biased observation. In Phase 
2 testing, controlled trials are helpful in teasing out adverse events and in assessing the 
magnitude and variability of the effect relative to the control group. Such information 
may be useful for sample size calculations for the efficacy trial(s). 

The choice of control (e.g., historical, active, placebo, etc.) depends on the clinical 
setting. The Agency has approved products for marketing based on studies with var- 
ious types of control groups. Each type of control has its advantages and limitations. 
The reader is referred to the ICH guidance titled Guidance for Industry—E 10 Choice 
of Control Group and Related Issues in Clinical Trials (2001) for an extensive discus- 
sion on this topic.®? 

A few adenovirus products are currently in Phase 3 testing in patients with malig- 
nancies. Most are designed as “add-on” trials, that is, chemotherapy + gene product 
versus chemotherapy + placebo (or no additional treatment if a placebo is not feasible). 
If a trial is not blinded, such as would be the case if the control arm could not receive a 
placebo, it will be important to utilize objective outcome measures and to control use 
of concomitant therapies. If measures are not resistant to bias, then blinded third party 
assessors may be useful. 


6.5.2 Endpoint Selection 


Trials intended to provide substantial evidence of efficacy must be “adequate” in addi- 
tion to “well-controlled.” They must be conducted according to GCP (as discussed in 
Section 6.2) to maximize human subject protection and data validity. They must also 
be designed with appropriate, relevant endpoints that either reflect clinical outcomes 
or are acceptable surrogate endpoints. 

Surrogate endpoints are laboratory or other measurements not directly indicating 
clinical benefit but that are reasonably expected to predict clinical benefit. Surrogate 
endpoints are usually easier to measure than clinical endpoints and occur earlier in the 
course of the disease, allowing for shorter, smaller, and thus, less expensive studies. 
Their major disadvantage is the uncertainty surrounding whether and to what extent 
the effect on the surrogate reflects the true clinical benefit. Thus, if the FDA bases 
important regulatory decisions regarding product licensure on a surrogate, and the 
medical community bases practice decisions on data generated from trials using sur- 
rogates, it is critical that the surrogate be valid for the particular treatment and disease. 
Once a surrogate is validated for one treatment and disease using a particular product, 
the extent to which that validation applies to other products in the same class and 
across product classes could become important, particularly as one might define a 
product class in the context of adenoviral-containing products. In earlier phases of 
clinical testing, use of surrogate endpoints may serve useful and potentially less prob- 
lematic roles. For instance, during product development, a surrogate may be used to 
assess dose-response and thus provide the rationale for dose selection for later trials, 
or may be used as initial POC to base decisions about further clinical development. 
Several excellent papers provide more in-depth discussions about surrogates and val- 
idation of surrogates.8*85 
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Where the disease is serious or life threatening and without acceptable alternative 
treatments, it may be possible to establish efficacy and receive FDA approval based on 
trials employing a surrogate endpoint that is not yet validated but reasonably likely to 
predict clinical benefit. If a product is marketed based on an effect on such a surrogate 
endpoint, postmarketing studies are required to verify the clinical benefit. These pro- 
visions are set forth in 21 CFR 601.40 Subpart E. Oncology and AIDS are two areas 
where this provision has been used with some frequency. 

The number of adequate and well-controlled trials that will be necessary to make 
a determination of substantial evidence of effectiveness has been discussed in FDA 
guidance.*° Sponsors should meet with the Agency at the end of Phase 2 to discuss 
critical product development issues such as the number and types of clinical trials and 
the size of a safety database necessary to file a marketing application. 


7. Sponsor Outreach and Education 


CBER has routinely been involved in educational and training activities aimed at 
sponsors and investigators who are involved in gene transfer research. The Agency 
recognizes the need to inform potential sponsors of not only the issues specific to 
the conduct of gene therapy studies but also on the issues involved in the design 
of a clinical program and the elements of GCP. Education sessions have taken 
place at various venues, including annual meetings of various professional soci- 
eties involved in drug development in general and in gene therapy in particular. 
The FDA has published numerous guidance documents relevant to various aspects 
of biologics development that are available at: http://www.fda.gov/Biologics- 
BloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/General/ 
default.htm. 

CBER has additional guidance documents addressing issues relating specifically 
to gene therapy, which are available at: http://www.fda.gov/BiologicsBloodVaccines/ 
GuidanceComplianceRegulatoryInformation/Guidances/CellularandGeneTherapy/ 
default.htm. 

The Office of Cellular, Tissue, and Gene Therapies has made available a series 
of prerecorded Web-based presentations that cover several topics of relevance to 
developers of gene therapy products. The presentations are available at: http://www. 
fda.gov/BiologicsBloodVaccines/NewsEvents/ucm232821.htm. 
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